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CHIMERIC IMMUNOGENIC COMPOSITIONS AND 
NUCLEIC ACIDS ENCODING THEM 

Related Applications 

This application is a continuation-in-part (CIP) of U.S. Patent Application 

Serial No. ("USSN") 09/501,097, filed 2/9/00, which is a CIP of USSN 09/421,608, filed 
10/20/99. Each of the aforementioned applications are explicitly incorporated herein by 
reference in their entirety and for all purposes. 

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH 

This invention was made with Federal Government support under National 
Institutes of Health grants ROl CA72631-01 and RFA CA-95-020. The Federal Government 
may have certain rights in the invention. 

TECHNICAL FIELD 

This invention generally relates to immunology and medicine. This invention 
provides compositions and methods for enhancing antigen-specific immune responses, e.g., 
cytotoxic T lymphocyte (CTL) responses, using chimeric molecules comprising a heat shock 
protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation domain of a Pseudomonas 
exotoxin A (ETA dll), and an antigenic polypeptide, such as a tumor-associated antigen or an 
antigen derived from a pathogen. Thus, one embodiment of the invention relates to DNA 
vaccines. 

BACKGROUND 

Antigen-specific immunotherapy has recently emerged as an approach for 
controlling cancer because it is capable of developing specific immunity against neoplastic 
cells while not attacking normal cells. DNA vaccination differs from traditional vaccination 
in that DNA encoding an antigen (not the antigen itself) is injected into the subject. The 
production of the antigen, i.e., expression of the antigen encoded by DNA in the vaccine, 
takes place in the body of the vaccinated individual. However, conventional DNA vaccines 
have limitations. For example, a major drawback of most DNA vaccines is their potency. 

SUMMARY 

The invention provides a nucleic acid encoding a chimeric polypeptide 

comprising a first polypeptide domain comprising a carboxy terminal fragment of a heat 

1 
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shock protein (HSP), an Flt-3 ligand (FL), a cytoplasmic translocation domain of a 
Pseudomonas exotoxin A (ETA dll), or a granulocyte-macrophage-colony stimulating factor 
(GM-CSF) sequence, and a second polypeptide domain comprising an antigenic polypeptide. 
The fusion protein product of the chimeric nucleic acid can also have several domains, 

5 including any combination of a carboxy terminal fragment of an HSP domain, an FL domain, 
an ETA dll domain, or a GM-CSF domain, in any order. Other domains can also be added, 
e.g., for aiding in purifying the fusion polypeptide or identifying the polypeptide in situ, and 
the like. In alternative embodiments, the nucleic acid encoding the first polypeptide domain 
is 5' to the nucleic acid encoding the second polypeptide domain, and, the nucleic acid 

10 encoding the second polypeptide domain is 5' to the nucleic acid encoding the first 

polypeptide domain. Thus, the fusion protein product of this chimeric nucleic acid can have 
the antigenic polypeptide either amino terminal or carboxy terminal to the first polypeptide 
domain; any order of domains is acceptable, even if the chimeric nucleic acid encodes more 
than two domains. 

15 In one embodiment, the carboxy terminal fragment of the heat shock protein 

(HSP) has chaperone activity, such as peptide chaperone activity. The heat shock protein 
(HSP) (or its nucleic acid coding sequence) can be derived from any organism, including, 
e.g., human or bacteria HSPs. The HSP can comprise a heat shock protein 70 (HSP 70), such 
as an HSP70 derived from a Mycobacterium, such as a Mycobacterium tuberculosis. The 

20 heat shock protein (HSP) can comprise a sequence as set forth by residues 3 1 2 to 625 of SEQ 
ID NO:9, or a sequence as set forth by about residue 517 to about residue 625 of SEQ ID 
NO: 9, or a functional equivalent thereof. 

In alternative embodiments, the Flt-3 ligand polypeptide (or its nucleic acid 
coding sequence) is derived from any organism, including, e.g., human or bacteria. The Flt-3 

25 ligand polypeptide can comprise a sequence as set forth by about residue 1 to about residue 
189 ofSEQIDNO:25. 

In alternative embodiments, the cytoplasmic translocation domain (or its 
nucleic acid coding sequence) is derived from any organism, including, e.g., human or 
bacteria. The cytoplasmic translocation domain can be derived from a toxin, such as that 

30 from a bacterium, e.g., Pseudomonas, e.g., Pseudomonas exotoxin A (ETA dll), such as an 
ETA dll comprising a sequence as set forth by about residue 247 to about residue 417 of 
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SEQ ID N0:3. The cytoplasmic translocation domain of a Pseudomonas exotoxin A (ETA 
dll) can also comprise a sequence as set forth by about residue 253 to about residue 364 of 
SEQIDNO:3. 

In alternative embodiments, the GM-CSF sequence (or its nucleic acid coding 
5 sequence) is derived from any organism, including, e.g., human or bacteria. The GM-CSF 
sequence can be a GM-CSF fragment, such as a fragment that contains a disulfide bridge. 
The GM-CSF fragment can comprise a sequence as set forth from about residue 1 8 to about 
residue 22, or from about residue 34 to about residue 41, or from about residue 38 to about 
residue 48, or from about residue 52 to about residue 61, or from about residue 94 to about 

1 0 residue 1 1 5, or from about residue 95 to about residue 1 1 1 , of SEQ ID NO: 1 . 

In one embodiment, the antigenic polypeptide comprises an MHC Class I- 
binding peptide epitope. The MHC class I-binding peptide epitope can be between about 8 
amino acid residues and about 1 1, or about 15, or about 25, or about 50, amino acid residues 
in length. The antigenic polypeptide can be derived from any pathogen or microorganism. 

15 In alternative embodiments, antigenic polypeptide is derived from a virus, such as a human 
virus, e.g., a human papovavirus. The papovavirus can be a human papilloma virus (HPV), 
such as a human papilloma virus- 16 (HPV- 16). The antigenic polypeptide can comprise a 
human papilloma virus E6 polypeptide or human papilloma virus E7 polypeptide. The virus 
can also be a lenti virus, such as a human immunodeficiency virus (HIV), such as HTV-1 . 

20 Other pathogens from which the antigenic polypeptide can be derived include 

malaria, bovine viral diarrhea virus, cytomegalovirus, encephalitis virus, hepatitis virus, 
herpes simplex virus or influenza virus, to name just a few. 

The antigenic polypeptide also can be a tumor-specific or tumor-associated 
polypeptide. The tumor-specific or tumor-associated polypeptide can comprise an antigen 

25 expressed on the surface of a tumor cell. The tumor-specific or tumor-associated polypeptide 
can be a mutant p53, a MAGE-1 or a MAGE-3. 

In one embodiment, the nucleic acid encodes a chimeric polypeptide further 
comprising a third polypeptide domain comprising a cytoplasmic translocation polypeptide 
domain. Thus, the invention provides a nucleic acid encoding a chimeric polypeptide 

30 comprising a first polypeptide domain comprising a carboxy terminal fragment of a heat 
shock protein (HSP), an Flt-3 ligand (FL), a cytoplasmic translocation domain of a 
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Pseudomonas exotoxin A (ETA dll), or a granulocyte-macrophage-colony stimulating factor 
(GM-CSF) sequence (or any combination thereof), and a second polypeptide domain 
comprising an antigenic polypeptide, and a third polypeptide domain comprising a 
cytoplasmic translocation polypeptide domain. As noted above, the domains can be present 

5 in the chimeric nucleic acid or polypeptide in any order. 

The cytoplasmic translocation polypeptide domain can be derived from any 
source, e.g., human, bacterial, and the like. The cytoplasmic translocation polypeptide 
domain can comprise a cytoplasmic translocation domain of a Pseudomonas exotoxin A 
(ETA). The cytoplasmic translocation domain of a Pseudomonas exotoxin A (ETA) can 

10 comprise a sequence as set forth by about residue 253 to about residue 364 of SEQ ID NO:3. 
The cytoplasmic translocation polypeptide domain can comprise a cytoplasmic translocation 
domain of a pathogen toxin, such as bacterial toxin, e.g., a toxin derived from Diptheria, 
Clostridium, Botulinum, Bacillus, Yersinia, Vibrio cholerae, or Bordetella pertussis. The 
nucleic acid encoding the third polypeptide domain can be located 5 5 to the nucleic acid 

15 encoding the first or the second domain, or is located between the nucleic acids encoding the 
first or the second domains, or is located 3' to the nucleic acid encoding the first or the 
second domain. 

The nucleic acid can further comprise a regulatory nucleic acid sequence, such 
as a transcriptional (e.g., promoter or enhancer) or a translational regulatory sequence. 

20 The invention provides an expression cassette (e.g., a plasmid, a vector, a 

virus) comprising a chimeric nucleic acid of the invention, including, e.g., a nucleic acid 
encoding a chimeric polypeptide comprising a first polypeptide domain comprising a 
carboxy terminal fragment of a heat shock protein (HSP), an Flt-3 ligand (FL), or a 
cytoplasmic translocation domain of a Pseudomonas exotoxin A (ETA dll); and, a second 

25 polypeptide domain comprising an antigenic polypeptide. The expression cassette comprises 
at least a promoter and a coding sequence. The promoter can be constitutive, inducible, 
tissue specific, and the like. The expression cassette can also comprise a coding sequence for 
a cytoplasmic tranlocation domain. The expression cassette can also comprise a self- 
replicating RNA replicon, such as a Sindbis virus self-replicating RNA vector, e.g., a self- 

30 replicating RNA vector SINrepS. 
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The invention provides a transformed cell comprising a nucleic acid encoding 
a chimeric polypeptide comprising a first polypeptide domain comprising a carboxy terminal 
fragment of a heat shock protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation 
domain of a Pseudomonas exotoxin A (ETA dll); and, a second polypeptide domain 
5 comprising an antigenic polypeptide. This nucleic acid can also comprise a coding sequence 
for a cytoplasmic tranlocation domain. 

The invention provides a chimeric polypeptide comprising a first polypeptide 
domain comprising a carboxy terminal fragment of a heat shock protein (HSP), an Flt-3 
ligand (FL), or a cytoplasmic translocation domain of a Pseudomonas exotoxin A (ETA dll); 

10 and, a second polypeptide domain comprising an antigenic polypeptide. The fusion protein 
can be multi-domained, analogous to the chimeric nucleic acid of the invention. The fusion 
protein can also comprise a cytoplasmic tranlocation domain. The first polypeptide domain 
can be non-covalently linked to the second polypeptide domain. Alternatively, the first 
polypeptide domain can be covalently linked to the second polypeptide domain, e.g., it can 

15 be a recombinant protein. If the chimeric polypeptide is multi-domained, any combination of 
linking/ fusion proteins schemes can be devised. 

The invention provides a pharmaceutical composition comprising a nucleic 
acid encoding a chimeric polypeptide (a chimeric nucleic acid of the invention), an 
expression cassette (e.g., a plasmid, vector, virus) comprising a nucleic acid encoding a 

20 chimeric polypeptide of the invention, or a chimeric polypeptide, wherein the chimeric 

polypeptide comprises a carboxy terminal fragment of a heat shock protein (HSP), an Flt-3 
ligand (FL), or a cytoplasmic translocation domain of a Pseudomonas exotoxin A (ETA dll); 
and, a second polypeptide domain comprising an antigenic polypeptide; and, a 
pharmaceutically acceptable excipient. The fusion protein can also comprise a cytoplasmic 

25 tranlocation domain. 

The pharmaceutical composition can comprise any formulation, e.g., it can be 
formulated with phospholipids to form liposomes. It can be suitable, e.g., for oral or 
parenteral administration or ballistic administration and the like. It can be in any appropriate 
dosage or form, e.g., a tablet, a liquid, an inhalant, a particle for injection/ ballistics and the 

30 like. 
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The invention provides a DNA vaccine comprising a nucleic acid encoding a 
chimeric polypeptide, a vector comprising a nucleic acid encoding a chimeric polypeptide, or 
a chimeric polypeptide, wherein the chimeric polypeptide comprises a carboxy terminal 
fragment of a heat shock protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation 
5 domain of a Pseudomonas exotoxin A (ETA dll); and, a second polypeptide domain 

comprising an antigenic polypeptide; and, a pharmaceutically acceptable excipient. The 
fusion protein can also comprise a cytoplasmic tranlocation domain. 

The invention provides a particle comprising a nucleic acid encoding a 
chimeric polypeptide or a vector comprising a nucleic acid encoding a chimeric polypeptide, 

10 wherein the chimeric polypeptide comprises a carboxy terminal fragment of a heat shock 

protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation domain of a Pseudomonas 
exotoxin A (ETA dll); and, a second polypeptide domain comprising an antigenic 
polypeptide. The fusion protein can also comprise a cytoplasmic tranlocation domain. The 
particle can comprise any material suitable for particle bombardment, e.g., gold. 

15 The invention provides a method of inducing an immune response, the method 

comprising administering an effective amount of a composition comprising a nucleic acid 
encoding a chimeric polypeptide, a vector comprising a nucleic acid encoding a chimeric 
polypeptide, or a chimeric polypeptide, wherein the chimeric polypeptide comprises a 
carboxy terminal fragment of a heat shock protein (HSP), an Flt-3 ligand (FL), or a 

20 cytoplasmic translocation domain of a Pseudomonas exotoxin A (ETA dll); and, a second 
polypeptide domain comprising an antigenic polypeptide, or a DNA vaccine comprising the 
nucleic acid, the vector, the chimeric polypeptide or a combination thereof, wherein 
administration of the composition in the effective amount induces an immune response. The 
fusion protein can also comprise a cytoplasmic tranlocation domain. The method can induce 

25 an immune response comprising a cellular response, such as a predominantly T cell response, 
e.g., a predominantly cytotoxic T cell response. In this method, the nucleic acid or vector 
encoding the chimeric polypeptide can be administered as a naked DNA molecule. The 
nucleic acid of the invention, e.g., the naked DNA, can be administered by a gene gun or 
equivalent. Alternatively, in the method, the composition can be administered as a liposomal 

30 formulation. The composition can be administered intradermally, by inhalant, and the like. 
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The invention also provides a method of vaccinating a mammal against 
infection by a pathogen, the method comprising administering an effective amount of a 
composition comprising a nucleic acid encoding a chimeric polypeptide, a vector comprising 
a nucleic acid encoding a chimeric polypeptide, or a chimeric polypeptide, wherein the 

5 chimeric polypeptide comprises a carboxy terminal fragment of a heat shock protein (HSP), 
an Flt-3 ligand (FL), or a cytoplasmic translocation domain of a Pseudomonas exotoxin A 
(ETA dll); and, a second polypeptide domain comprising an antigenic polypeptide derived 
from a pathogen, or a DNA vaccine comprising the nucleic acid, the vector, the chimeric 
polypeptide or a combination thereof, wherein administration of the composition induces an 

10 immune response to the pathogen. 

The invention also provides a method of vaccinating a mammal against a 
tumor antigen, the method comprising administering an effective amount of a composition 
comprising a nucleic acid encoding a chimeric polypeptide, a vector comprising a nucleic 
acid encoding a chimeric polypeptide, or a chimeric polypeptide, wherein the chimeric 

15 polypeptide comprises a carboxy terminal fragment of a heat shock protein (HSP), an Flt-3 
ligand (FL), or a cytoplasmic translocation domain of a Pseudomonas exotoxin A (ETA dll); 
and, a second polypeptide domain comprising a tumor antigen, or a DNA vaccine comprising 
the nucleic acid, the vector, the chimeric polypeptide or a combination thereof, wherein 
administration of the composition induces an immune response to the tumor antigen. 

.20 The invention also provides a use of a composition for preparing a 

pharmaceutical formulation for vaccinating a mammal against an antigen, wherein the 
pharmaceutical formulation comprises a nucleic acid encoding a chimeric polypeptide, a 
vector comprising a nucleic acid encoding a chimeric polypeptide, a chimeric polypeptide, or 
a combination thereof, wherein the chimeric polypeptide comprises a carboxy terminal 

25 fragment of a heat shock protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation 
domain of a Pseudomonas exotoxin A (ETA dll); and, a second polypeptide domain 
comprising a tumor antigen, and a pharmaceutical^ acceptable excipient. 

The details of one or more embodiments of the invention are set forth in the 
30 accompanying drawings and the description below. Other features, objects, and advantages 
of the invention will be apparent from the description and drawings, and from the claims. 
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All publications, patents, patent applications, GenBank sequences and ATCC 
deposits, cited herein are hereby expressly incorporated by reference for all purposes. 

DESCRIPTION OF DRAWINGS 

Figure 1 A is a bar graph showing the results of an ELISPOT assay. The 

5 number of IFN-y producing E7-specific CD8 + T cell precursors was determined using the 
ELISPOT assay. The spot numbers were the mean of triplicate? SE in each vaccinated 
group. Mice vaccinated with E7-HSP70 DNA generated the highest IFN-y + spot numbers. 
The data shown represent E7-specific spot-forming cells (subtracting the spot numbers 
detected in the absence of the E7 CTL peptide). Figure IB is a diagram showing the results 

10 of a flow cytometry analysis. Splenocytes from vaccinated mice were cultured in vitro with 
an E7 peptide (residues 49-57; RAHYNIVTF; SEQ ID NO:5) overnight and were stained for 
both CD8 and intracellular IFN-y. The number of IFN-y secreting CD8 + T cell precursors in 
mice immunized with various recombinant DNA vaccines was analyzed by standard flow 
cytometry. Mice vaccinated with E7-HSP70 DNA generated the highest IFN-y + CD8 + 

15 double positive T cells. The numbers of CD8 + IFN-y + double positive T cell in 3 x 10 5 

splenocytes are indicated in the upper right corner. The data shown in Figs. 1 A-B indicate 
the frequency of E7-specific CD8 + T cell precursors in C57BL/6 mice immunized with E7- 
HSP70 DNA vaccines. C57BL/6 mice were immunized with empty plasmid (pcDNA3), 
HSP70 DNA (HSP), E7 DNA (E7), E7-HSP70 DNA (E7/HSP) or E7 DNA mixed with 

20 HSP70 DNA (E7+HSP) via gene gun, or received no vaccination. For vaccinated mice, 2 \ig 
DNA /mouse was given twice. Splenocytes were harvested 10 days after the last DNA 
vaccination. 

Figure 2 is a diagram of a flow cytometry analysis of IFN-y secreting E7- 
specific CD4 + cells in mice vaccinated with various recombinant DNA vaccines. C57BL/6 

25 mice were immunized as described in Figs. 1 A- IB. Splenocytes from vaccinated mice were 
cultured in vitro with E7 peptide (residues 30-67; DSSEEEDEIDGPAGQAEPDRAHYN 
IVTFCCKCDSTLRL; SEQ ID NO:6) overnight and were stained for both CD4 and 
intracellular IFN-y. The number of IFN-y secreting CD4 + T cells was analyzed by flow 
cytometry. Mice vaccinated with E7-HSP70 DNA generated comparable CD4 + IFN-y + 

30 double positive cells compared to mice vaccinated with wild-type E7 DNA. The numbers of 
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CD4 + IFN-y + double positive T cell in 3xl0 5 splenocytes are indicated in the upper right 
corner. 

Figure 3 is a bar graph showing E7-specific antibody responses in C57BL/6 
mice immunized with various recombinant DNA vaccines. C57BL/6 mice were immunized 
5 with control plasmid (no insert), wild-type HSP70, wild-type E7, or E7-HSP70 DNA via 
gene gun. Serum samples were obtained from immunized mice 14 days after vaccination. 
The presence of the E7-specific antibody was detected by ELISA using serial dilution of 
sera. The results from the 1 :80 dilution are shown, showing mean absorbance (O.D.) at 450 
tun SE. 

10 Figures 4 A and 4B are line graphs showing that vaccination with E7-HSP70 

DNA protects mice against the growth of TC-1 tumors. C57BL/6 mice were immunized 
with empty plasmid (pcDNA3), HSP70 DNA (HSP), E7 DNA (E7), or E7-HSP70 DNA 
(E7/HSP) via gene gun. One week after the last vaccination, mice were challenged with 
5xl0 4 TC-1 cells per mouse subcutaneously in the right leg. The mice were monitored for 

15 evidence of tumor growth by palpation and inspection twice a week. At day 60 after TC-1 
challenge, tumor-free mice were re-challenged with 5xl0 4 TC-1 cells per mouse 
subcutaneously in the left leg. To generate the data shown in Fig. 4A, each mouse received 
2 \ig DNA vaccine. One week later, the mice were re-vaccinated with the same type and 
amount of DNA as the first vaccination. To generate the data shown in Fig. 4B, each mouse 

20 received only one injection of 2 |ig DNA vaccine without further booster. 

Figures 5A and 5B are line graphs showing that vaccination with E7-HSP70 
DNA eradicates pre-existing TC-1 tumor cells. Each mouse was initially challenged with 
2xl0 4 TC-1 cells subcutaneously, followed by DNA vaccination with empty plasmid 
(pcDNA3), HSP70 DNA (HSP), E7 DNA (E7), or E7-HSP70 DNA (E7/HSP) via gene gun. 

25 The mice were monitored for evidence of tumor growth by palpation and inspection twice a 
week. To generate the data shown in Fig. 5 A, each mouse received 2 |ig of DNA vaccine 3 
days and 10 days after tumor challenge, and for Fig. 5B, each mouse received 2 \ig of DNA 
vaccine only 3 days after tumor challenge. No further booster was given. 

Figure 6 is a line graph showing that the antitumor immunity generated by E7- 

30 HSP70 DNA requires the fusion of HSP70 DNA sequences to E7 gene sequences. C57BL/6 
mice were immunized with E7-HSP70 DNA(E7/HSP), or E7 DNA mixed with HSP70 DNA 
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(E7+HSP) via gene gun, or received no vaccination. For vaccinated mice, 2 ^g DNA /mouse 
was given only once. One week after the vaccination, mice were challenged with 5x1 0 4 TC- 
1 cells/ mouse subcutaneously in the right leg. The mice were monitored for evidence of 
tumor growth by palpation and inspection twice a week. 

5 Figure 7 is a line graph showing the effect of lymphocyte subset depletions on 

the potency of E7-HSP70 DNA vaccine. C57BL/6 mice were immunized with 2 ^g E7- 
HSP70 DNA via gene gun and boosted with 2 \ig E7-HSP70 DNA one week later. Two 
weeks after the last vaccination, mice were challenged with 5xl0 4 TC-1 cells/ mouse 
subcutaneously in the right leg. Cell depletions were initiated one week prior to tumor 

10 challenge and lasted 40 days after tumor challenge. MAb GK1 .5 was used for CD4 

depletion, MAb 2.43 was used for CD8 depletion, and MAb PK1 36 was used for NK1 . 1 
depletion. Flow cytometry analysis revealed that the greater than 95% of the appropriate 
lymphocytes subset were depleted with normal level of other subsets. The mice were 
monitored for evidence of tumor growth by palpation and inspection twice a week. 

1 5 Figure 8 is a diagram of constructs of GM-ETA(dII)-E7, GM-ETA(dll), 

ETA(dH)-E7, GM-E7, GM-CSF, ETA(dII), E7. 

Figure 9 is a diagram of a flow cytometry analysis showing intracellular 
cytokine staining which was carried out to determine E7-specific CD8 + T cell precursors in 
C57BL/6 mice immunized with GM-ETA(DII)-E7 DNA vaccines. C57BL/6 mice were 

20 immunized with Plasmid DNA with GM, ETA(dll), E7, GM-ETA(dll), ETA(DII)-E7 , GM- 
E7 or GM-ETA(DII)-E7 gene insert or the "empty" plasmid vector intradermally via gene 
gun, or received no vaccination. For vaccinated mice, 2 \ig DNA /mouse was given twice. 
Splenocytes were harvested 10 days after the last DNA vaccination. Splenocytes from 
vaccinated mice were cultured in vitro with E7 peptide (residues 49-57; SEQ ID NO:5) 

25 overnight and were stained for both CD8 and intracellular IFN-y. The number of IFN-y 
secreting CD8 + T cell precursors in mice immunized with various recombinant DNA 
vaccines was analyzed by flow cytometry. Mice vaccinated with GM-ETA(DII)-E7 DNA 
generated the highest IFN-y + CD8+ double positive T cells. 

Figure 10 is a diagram showing flow cytometry analysis of IFN-y secreting 

30 E7-specific CD4 + cells in mice vaccinated with various recombinant DNA vaccines. 

C57BL/6 mice were immunized as described above for Fig. 2. Splenocytes from vaccinated 
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mice were cultured in vitro with E7 peptide (residues 30-67; SEQ ID NO:6) overnight and 
were stained for both CD4 and intracellular IFN-y . The number of IFN-y secreting CD4 + T 
cells was analyzed by flow cytometry. Mice vaccinated with GM-ETA(DII)-E7 DNA 
generated comparable CD4 + IFN-y + double positive cells when compared to mice vaccinated 

5 with GM-E7 DNA. Mice vaccinated with GM-ETA (dII)-E7 generated greater number E7- 
specific CD4 + IFN-y + double positive cells than mice immunized with empty plasmid 
(pcDNA3), GM-ETA(dll), ETA(dII)-E7, GM-E7, GM-CSF, ETA(dll), or E7 DNA. 

Figure 1 1 is a line graph showing that vaccination with GM-ETA(DII)-E7 
DNA protects mice against the growth of TC-1 tumors. C57BL/6 mice were immunized 

10 with 2 jig/mouse of empty plasmid (pcDNA3), GM-ETA(dll), ETA(dII)-E7, GM-E7, GM- 
CSF, ETA(dll), E7 DNA, or GM-ETA(dII)-E7 DNA via gene gun. One week later, the mice 
were re-vaccinated with the same type and amount of DNA as the first vaccination. One 
week after the last vaccination, mice were challenged with 5xl0 4 TC-1 cells per mouse 
subcutaneously in the right leg. The mice were monitored for evidence of tumor growth by 

15 palpation and inspection twice a week. At day 60 after TC-1 challenge, tumor-free mice 
were re-challenged with 5xl0 4 TC-1 cells/mouse subcutaneously in the left leg. 

Figure 12 is a line graph showing the effect of lymphocyte subset depletions 
on the potency of GM-ETAdII-E7 DNA vaccine. C57BL/6 mice were immunized with 2 ^g 
GM-ETAdII-E7 DNA via gene gun and boosted with 2 \ig GM-ETAdII-E7 DNA one week 

20 later. Two weeks after the last vaccination, mice were challenged with 5xl0 4 TC-1 cell per 
mouse subcutaneously in the right leg. Depletions were initiated one week prior to tumor 
challenge and lasted the indicated number of days after tumor challenge. MAb GK1 .5 
(Dialynas et al., 1983, J. Immunol. 131:2445-2451) was used for CD4 depletion, MAb 2.43 
(Sarmiento et al., 1980, J. Immunol. 125:2665-2672) was used for CD8 depletion, and MAb 

25 PK136 (Koo et al., 1986, J. Immunol. 137:3742-3747) was used for NK1.1 depletion. Flow 
cytometry analysis revealed that the >95% of the appropriate lymphocytes subset were 
depleted with normal level of other subsets. The mice were monitored for evidence of tumor 
growth by palpation and inspection twice a week. 

Figure 13 is a diagram of the amino acid and nucleotide sequence of the E7- 

30 HSP70 immunogenic construct. 
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Figure 14 is a diagram of the amino acid and nucleotide sequence of the GM- 
ETA(dII)-E7 immunogenic construct. The GM-CSF portion, ETA(dll), and E7 portions of 
the construct are indicated with brackets. 

Figure 15 is a diagram of the amino acid and nucleotide sequence of ETA 
(without the signal sequence). Residues 247-417 (and corresponding nucleotide sequences) 
used in making the immunogenic construct are bracketed. 

Figure 16 is a diagram showing the domain structure of full-length 
Mycobacterium tuberculosis HSP70 protein (SEQ ID NO:9). The ATPase domain (residues 
1-356) is underlined; the substrate binding domain (SD; residues 357-516) is in italics, and 
C-terminal domain (CD: residues 517-625) is in bold type. 

Figure 17 is a diagram of plasmid constructs in a mammalian cell expression 
vector. All of the chimeric E7/heat shock protein constructs (E7-HSP70, E7-ATP, E7-SD, 
E7-CD, and E7) were cloned into multiple cloning sites of an expression vector downstream 
of the cytomegalovirus promoter. 

Figure 18A is a diagram of a flow cytometry analysis of IFN-y E7-specific 
CD8+ cells in mice immunized with recombinant DNA vaccines containing nucleic acid 
constructs encoding Hsp fragment-antigen chimeras (E7-HSP70, E7-ATP, E7-SD, E7-CD, 
and E7). Figure 18B is a bar graph showing mean number of IFN-7-producing E7-specific 
CD8+ T cells. 

Figure 19 is a diagram of plasmid constructs in a mammalian cell expression 

vector. 

Figure 20A shows a schematic diagram of SINrep5, SINrep5-HSP70, 
SINrep5-E7, SINrep5-E7/HSP70 DNA constructs. Figure 20B shows a schematic diagram 
of RNA transcript derived from these DNA constructs using SP6 RNA polymerase as 
described in detail in Example 6, below. 

Like reference symbols in the various drawings indicate like elements. 

DETAILED DESCRIPTION 

The invention provides novel chimeric nucleic acids encoding a chimeric 
polypeptide, constructs for expressing these polypeptides both in vitro and in vivo, isolated 
chimeric polypeptides, pharmaceutical compositions and methods of making and using these 
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compositions. These compositions and methods are particularly useful for stimulating or 
enhancing the immunogenicity of a selected antigen or stimulating or enhancing a cellular 
immune response specific for that antigen. The nucleic acid of the invention comprises a 
first polypeptide domain comprising a carboxy terminal fragment of a heat shock protein 
5 (HSP), an Flt-3 ligand (FL), a cytoplasmic translocation domain of a Pseudomonas exotoxin 
A (ETA dll), or a granulocyte-macrophage-colony stimulating factor (GM-CSF) sequence, 
and a second polypeptide domain comprising an antigenic polypeptide. 

One embodiment of the invention is based on the discovery that the 
immunogenicity of a target antigen encoded by a chimeric nucleic acid, e.g., a DNA vaccine, 

10 is enhanced by the presence in the chimeric nucleic acid of DNA comprising a first domain 
encoding a carboxy-terminal portion of a heat shock protein, such as Mycobacterium 
tuberculosis heat shock protein 70 (HSP70) (see, e.g., SEQ ID NO:9), or a Flt-3 ligand (see, 
e.g., SEQ ID NO:25), or a granulocyte-macrophage-colony stimulating factor (GM-CSF) 
(SEQ ID NO:l), or a cytoplasmic translocation domain (see, e.g., Pseudomonas ETA dll 

15 SEQ ID NO:3); and, a second domain encoding an antigen, e.g., an antigenic peptide from a 
pathogen or a tumor. Accordingly, the invention provides compositions and methods of 
vaccination that significantly enhance the potency, and thus clinical efficacy, of DNA 
vaccines. 

In one embodiment, the chimeric nucleic acid of the invention encodes an 
20 immunogenic composition comprising a chimeric polypeptide comprising a first domain 

(encoded by a first domain DNA) comprising a carboxy-terminal domain (CD) fragment of a 
heat shock protein (HSP), e.g., HSP70, and a second domain comprising an antigen (encoded 
by a second domain DNA), such as a major histocompatibility complex (MHC) class I- 
restricted antigen, e.g., an MHC Class I-binding peptide epitope. In one embodiment, a 
25 carboxy-terminal fragment of a protein is a polypeptide or peptide that is at least 10 amino 

acids in length and is derived from the carboxy terminal half of a naturally-occurring protein. 
For example, a carboxy-terminal fragment of HSP70 is a peptide the amino acid sequence of 
which is derived from a portion of HSP70 spanning from about residues 312 to about 625 of 
SEQ ID NO:9; the peptide is encoded by DNA spanning the coding region of those residues. 
30 The carboxy-terminal domain (CD) fragment can also be a peptide having an amino acid 
sequence from about residues 5 1 7 to about 625 of SEQ ID NO:9. 
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For example, the immunogenic composition can comprise a chimeric 
polypeptide comprising a first domain comprising a DNA encoding a polypeptide containing 
the amino acid sequence of residues 517 to 625 of SEQ ID NO:9 and (operably linked to) a 
second domain comprising a second DNA encoding a MHC class I restricted antigen. The 
5 invention therefore can include a papillomavirus E7-HSP70-CD fusion polypeptide as well 
as a chimeric nucleic acid (DNA) encoding the fusion polypeptide. Optionally, the 
composition includes DNA encoding a polypeptide containing residues derived from the 
amino-terminal fragment of HSP70, e.g., residues 161-370 of SEQ ID NO:9. The order in 
which the DNA components, e.g, first and second (and optionally, third), DNAs are operably 
10 linked (i.e., arranged on domains on a recombinant protein) can be altered without affecting 
immunogenicity. For example, the HSP-encoding (or Flt-3 ligand- or cytoplasmic 
translocation domain-encoding) DNA sequences are located 5' or 3 f to the target antigen- 
encoding sequences. In one embodiment, these polypeptide-encoding nucleic acid domains 
are in-frame (i.e., the DNA is operably linked) so that the DNA construct encodes a 
15 recombinant polypeptide in which the antigen (e.g., MHC class I restricted antigen) is located 
amino-terminal to the HSP- or Flt-3 ligand- or cytoplasmic translocation domain- derived 

residues. • 

As is discussed below, the antigen (e.g., MHC class I restricted antigen) can 
be derived from a pathogen, such as a virus, or from a cancer tissue, e.g., a tumor-specific or 
tumor-associated polypeptide. The DNA vaccine of the invention can comprise an 
expression cassette, e.g., an expression or a plasmid vector comprising a first DNA encoding 
a carboxy-terminal fragment of a HSP or a Flt-3 ligand or a cytoplasmic translocation 
domain and (operably linked to) a second DNA encoding an antigen (e.g., MHC class I 
restricted antigen). Therapeutic methods of the invention include methods of inducing a 
cytotoxic T cell response to an antigen in a mammal by administering to the mammal the 
immunogenic compositions described herein. 

In alternative embodiments, a chimeric nucleic acid or immunogenic 
composition of the invention contains the following components: (a) a first DNA comprising 
a sequence encoding a polypeptide which binds to a professional antigen presenting cell 
30 (APC), or, a carboxy terminal fragment of an HSP, an Flt-3 ligand, or a cytoplasmic 

translocation domain of a Pseudomonas exotoxin A (ETA dll); (b) a second DNA comprising 
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a sequence encoding a cytoplasmic translocator polypeptide (e.g., comprising ETA dll), and 
(c) a third DNA comprising a sequence encoding an antigen, e!g., an MHC class I restricted 
antigen. The first, second, and third DNAs can be operably linked. By "operably linked" is 
meant that a DNA sequence encoding one polypeptide is joined in frame to another DNA 
encoding another polypeptide to generate a recombinant chimeric, or "fusion," protein. 
Translation of operably linked DNA messages yields a cfiimeric polypeptide or fusion gene 
product. The invention includes chimeric nucleic acids and polypeptides in which the 
domains linked in all possible combinations, i.e., the order in which the first, second, and 
third DNAs are operably linked is irrelevant. 

The construct (e.g., expression cassette, vector, and the like) may also contain 
regulatory sequences, such as transcriptional or translation regulatory sequences. A 
polypeptide coding sequence and a regulatory sequence(s) are connected in such a way as to 
permit gene expression when the appropriate molecules (e.g., transcriptional activator 
proteins) are bound to the regulatory sequence(s). 

In one embodiment, the first nucleic acid domain of the immunogenic 
composition encodes a fragment of an HSP, e.g., Mycobacterium tuberculosis heat shock 
protein 70 (HSP70) (SEQ ID NO:9). A "fragment" of a given protein is a polypeptide that is 
shorter in length than the reference polypeptide. For example, the polypeptide is at least 9 or 
10 amino acids in length but less than the total number of residues of the mature reference 
protein or polypeptide. For example, a fragment of M tuberculosis HSP70 is less than 70 
kDa in molecular mass. A fragment of HSP70 has an amino acid sequence that is at least 
50% identical to the amino acid sequence of a naturally-occurring HSP70. The length of an 
HSP70 fragment is less than 625 amino acids. The fragment can have a biological activity of 
the reference protein. For example, in one embodiment, the fragment can bind to a 
professional antigen presenting cell (APC) such as a dendritic cell (DC), or the fragment can 
mediate translocation of the chimeric polypeptide (encoded by the DNA of the immunogenic 
composition) into the cytoplasm. In some embodiments, the first DNA or the second DNA 
(or both) encode a fragment of a heat shock protein or an ETA (All) (e.g., SEQ ID NO:3). 

The second domain (or third domain, if a cytoplasmic translocation domain is 
also present) of DNA (of the immunogenic composition) can encode an antigenic epitope, 
such as an MHC class I-restricted antigen. In one embodiment, the antigen is derived from a 
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virus such as a human papovavirus, e.g., a cervical cancer-associated human papillomavirus 
(HPV). The viral antigen can be all or a part of E6 or E7 antigen derived from HPV-16. 
Other viral antigens that can be expressed by the chimeric nucleic acid of the invention 
include the E2 antigen of bovine viral diarrhea virus; ppUL83 or pp89 of cytomegalovirus; 

5 prM/E of encephalitis virus SLE; HBV surface antigen or HBV core antigen of hepatitis B 
virus; HIV-1 antigens such as gpl60; ICP27, gD2, glycoprotein B, or glycoprotein B of 
herpes simplex virus. Alternatively, the antigen can be a cancer (e.g., a tumor-associated) 
antigen, such as a mutant p53; MAGE-1 or MAGE-3 associated with melanoma cells, e.g. a 
cancer-associated antigen expressed on the surface of a tumor cell. Other antigens include 

10 malaria peptide (NANP)40, HIV-1 p24, or influenza nucleoprotein. 

The DNA encoding the first domain of the chimeric polypeptide can comprise 
a granulocyte-macrophage colony stimulating factor (GM-CSF) sequence, or a fragment 
thereof. In one embodiment, the encoded protein is a functional GM-CSF fragment that 
contains a disulfide bridge, e.g., a disulfide bridge which spans Cys 51 and Cys93 of SEQ ID 

15 NO: 1 . Other biologically active fragments of GM-CSF are polypeptides which include 
residues 18-22, 34-41, 38-48, 52-61, 94-115, 95-111 of SEQ IDNO:l. 

Alternatively, the DNA encoding first polypeptide domain can comprise a Flt3 
ligand (FL) (e.g., see SEQ ID NO:25), a CTLA-4, a 4-1BB, a CD40 ligand, or a TNF 
receptor sequence (or an APC-binding fragment thereof) or an APC-binding polypeptide 

20 sequence. 

The DNA encoding the second polypeptide domain can encode a translocation 
domain sequence, such as that of a Pseudomonas exotoxin A (ETA), e.g., domain II (dll) of 
ETA (e.g., spanning residues from about 253 to about 364 of SEQ ID NO:3). A translocation 
domain is a polypeptide that induces translocation of protein or polypeptide to which it is 

25 linked into the cytosol of a cell. For example, the second DNA can encode a polypeptide 
derived from a Diptheria, Clostridium {Botulinum, e.g., tetanus), Bacillus anthracis 
(anthrax), Yersinia, Vibrio cholerae (cholera), or Bordetella pertussis toxin. While the 
invention is not limited by any particular mechanisms, presence of DNA encoding a 
translocation domain in the immunogenic composition can enhance MHC class I presentation 

30 of the antigen encoded by the composition through translocation of antigen from the 
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endosomal/ lysosomal compartment to the cytosol. Preferably, the toxic domain of the gene 
encoding the toxin is mutated or deleted. 

The immunogenic composition need not contain a first, second, and third 
DNA, as described above. In alternative embodiments, the DNA encoding a third domain (a 

5 target antigen to which immunity is desired) is operably linked to a DNA encoding a carboxy 
terminal fragment of a HSP (see, e.g., SEQ ID NO:9), a Flt-3 ligand (see, e.g., SEQ ID 
NO:25), or a cytoplasmic translocation domain of a Pseudomonas exotoxin A (ETA dll) (see 
SEQ ID NO:3), or an APC binding polypeptide (in the absence of DNA encoding a 
translocator polypeptide); in another embodiment, the chimeric nucleic acid further encodes a 

10 DNA encoding a translocator (e.g., cytoplasmic translocator) polypeptide. For example, a 
chimeric nucleic acid of the invention can encode a fusion polypeptide containing E7-ETA, 
E7-HSP70, E7-GM-CSF, or E7-FL (i.e., E7-FU-3 ligand). The immunogenic composition of 
the invention can contain DNA encoding residues from about 1 to about 189 of SEQ ID 
NO:25 (Flt-3 ligand) operably linked to DNA encoding an antigen to which immunity is 

15 sought. 

The chimeric nucleic acid of the invention can also encode an immunogenic 
composition comprising an E7-HSP70 fusion polypeptide, a GM-ETA(dII)-E7 fusion 
polypeptide, or an ETA(dII)-E7 (i.e., without the GM component). 

The invention also provides a DNA vaccine. The DNA vaccine composition 

20 can comprise a plasmid or other expression vector which includes (a) a first DNA encoding a 
carboxy terminal fragment of a heat shock protein (HSP), an Flt-3 ligand (FL), a cytoplasmic 
translocation domain of a Pseudomonas exotoxin A (ETA dll), or a granulocyte-macrophage- 
colony stimulating factor (GM-CSF) sequence, or, a polypeptide which binds to a 
professional antigen presenting cell, and (b) a second DNA encoding an antigen, e.g., an 

25 MHC class I restricted antigen. The vaccine can comprise a third domain comprising a DNA 
encoding a cytoplasmic translocator polypeptide. The polypeptide domain coding sequences 
(DNAs) are cloned into the expression (e.g., plasmid) vector in such a way that the first, 
second, and, if appropriate, third DNAs are "in-frame" (operably linked). When transcribed 
and translated in the cell in which the expression (plasmid) vector has been taken up, the 

30 vector directs production of a chimeric polypeptide that includes the above-described 
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domains (e.g., an APC-binding portion, a cytoplasmic translocator portion, and an epitope of 
a class I-restricted antigen). 

In alternative embodiment, the chimeric nucleic acids (DNAs) 
(polynucleotides), expression cassettes, and polypeptides of the invention are isolated. By 

5 "isolated" is meant, e.g., that a nucleic acid molecule that is free of the genes which, in the 
naturally-occurring genome of the organism, flank the gene sequence of interest. The term 
therefore includes, for example, a recombinant DNA which is incorporated into, e.g., a 
vector; into an autonomously replicating plasmid or virus; or into the genomic DNA of a 
prokaryote or eukaryotic; or which exists as a separate molecule (e.g., a cDNA or a genomic 

10 or cDNA fragment produced by PCR or restriction endonuclease digestion) independent of 
other sequences. It also includes a recombinant DNA that is part of a hybrid gene encoding 
additional polypeptide sequence. The term excludes large segments of genomic DNA, e.g., 
such as those present in cosmid clones, which contain a given DNA sequence flanked by one 
or more other genes that naturally flank it in a naturally-occurring genome. See also 

1 5 definition of "isolated" herein. 

Nucleic acid molecules (or polynucleotides) include both RNA and DNA, 
including cDNA, genomic DNA, and synthetic (e.g., chemically synthesized) DNA. Where 
single-stranded, the nucleic acid molecule may be a sense strand or an antisense strand. The 
term therefore includes, for example, a recombinant DNA which is incorporated into a 

20 vector, into an autonomously replicating plasmid or virus, or into the genomic DNA of a 
prokaryote or eukaryotic at a site other than its natural site; or which exists as a separate 
molecule (e.g., a cDNA or a genomic or cDNA fragment produced by polymerase chain 
reaction (PCR) or restriction endonuclease digestion) independent of other sequences. It also 
includes a recombinant DNA that is part of a hybrid gene encoding additional polypeptide 

25 sequence. 

Within the scope of the invention are chimeric nucleic acids (DNAs) encoding 
the immunogenic compositions (the chimeric polypeptides, or "fusion proteins"), including 
the coding sequences in the expression cassettes, vectors, DNA vaccines of the invention, 
contain a strand which has the nucleotide sequence of a given reference sequence (e.g., a 
30 carboxy-terminal portion of Mycobacterium tuberculosis HSP70 (SEQ ID NO:9), Flt-3 
ligand (SEQ ID NO:25), GM-CSF (SEQ ID NO: 1), cytoplasmic translocation domain of 
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Pseudomonas ETA dll (SEQ ID NO:3)), or that has a sufficiently high sequence identity to 
have biologically equivalent activity, or, that hybridizes at high stringency to a strand of 
DNA having a reference sequence, or the complement thereof For example, a nucleic acid 
within the scope of the invention includes a DNA that has at least 50% sequence identity to a 
5 reference sequence, and encodes a polypeptide having a specified biological activity, e.g., 
cytoplasmic translocation domain of Pseudomonas ETA dll. Further examples include: the 
biological activity of the polypeptide encoded by a first DNA encoding a first domain of the 
immunogenic composition can bind to an APC, the biological activity of the peptide encoded 
by the second DNA domain can be a cytoplasmic translocation domain, and the biological 

10 activity of the peptide encoded by the third DNA can bind to a MHC class I molecule. The 
DNA can have at least about 75% identity, about 85% identity, about 90% identity, about 
95% identity, or about 99% identity, or 100% identity to the reference sequence. 

To calculate sequence identity, nucleotide and amino acid comparisons are 
carried out using the Lasergene software package (DNASTAR, Inc., Madison, WI). The 

15 MegAlign module used was the Clustal V method (Higgins et al., 1989, CABIOS 5(2):151- 
153). The parameter used were gap penalty 10, gap length penalty 10. 

Alternatively, within the scope of the invention are chimeric nucleic acids 
(DNAs) encoding the immunogenic compositions that hybridize under high stringency 
conditions to a strand of DNA having the reference sequence (noted above), or the 

20 complement thereof and encode a polypeptide with a specific biological activity. 

Hybridization is carried out using standard techniques, such as those described in Ausubel et 
al. (Current Protocols in Molecular Biology, John Wiley & Sons, 1989). "High stringency" 
refers to nucleic acid hybridization and wash conditions characterized by high temperature 
and low salt concentration, i.e., wash conditions of 65°C at a salt concentration of 

25 approximately 0.1 X SSC. "Low" to "moderate" stringency refers to DNA hybridization and 
wash conditions characterized by low temperature and high salt concentration, i.e., wash 
conditions of less than 60°C at a salt concentration of at least 1 .0 X SSC. For example, high 
stringency conditions may include hybridization at about 42°C, and about 50% formamide; a 
first wash at about 65°C, about 2X SSC, and 1% SDS; followed by a second wash at about 

30 65°C and about 0. 1% x SSC. Lower stringency conditions suitable for detecting DNA 

sequences having about 50% sequence identity to a reference gene or sequence are detected 



19 



WO 01/29233 



PCT/US00/41422 



by hybridization at about 42 DC in the absence of formamide; a first wash at about 42°C, 
about 6X SSC, and about 1% SDS; and a second wash at about 50°C, about 6X SSC, and 
about 1%SDS. 

The invention includes a method of inducing a cytotoxic T cell response to an 
5 antigen in a mammal by administering to the mammal a chimeric nucleic acid encoding the 
immunogenic composition, or the chimeric polypeptide, described above. In one 
embodiment, the composition is administered as naked DNA. The composition (e.g., DNA, 
polypeptides, vectors, etc.) can also administered in the presence of agents that enhance 
uptake of the DNA or polypeptide by target cells, such as a phospholipid formulation, e.g, a 
10 liposome. 

The method is useful to vaccinate a mammal against infection by a pathogen. 
In one embodiment, the chimeric polypeptides of the invention (and the chimeric nucleic 
acids that encode them) comprise an antigen derived from said pathogen, such as a virus or 
bacteria. The method is also useful to prevent the development of cancer or treat an existing 

15 cancer in a mammal. Mammals at risk of developing a certain type of cancer are identified 
using known methods, e.g. genetic screening. Individuals at risk of developing a cancer or 
suffering from cancer are treated (the condition is "ameliorated") by administering the 
composition in which the antigen domain of the (e.g., third) DNA domain encodes a cancer- 
(tumor-) associated antigen, such as HPV E7 which is associated with cervical cancer. 

20 The invention also provides polynucleotides which, when directly introduced 

into a mammal in vivo induce the expression of an encoded polypeptide(s) within the animal 
and, in turn, a CD8+ immune response specific for the encoded polypeptide. The 
polynucleotide can be a nucleic acid that comprises essential regulatory elements (e.g., 
transcriptional or translational regulatory elements, e.g., promoters) such that upon 

25 introduction into a living vertebrate cell, the cell is able to produce translation products 
encoded by the polynucleotide. For example, the polynucleotide can be a poly- 
deoxyribonucleic acid (DNA) encoding a carboxy terminal fragment of a heat shock protein 
(HSP), an Flt-3 ligand (FL), a cytoplasmic translocation domain of a Pseudomonas exotoxin 
A (ETA dll), or a granulocyte-macrophage-colony stimulating factor (GM-CSF) sequence, or 

30 combinations or fragments fragment thereof. 
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The chimeric nucleic acid (DNA) encoding an antigenic polypeptide to which 
an immune response is desired can operatively linked to a transcriptional promoter. In some 
cases, the antigen that is encoded by the polynucleotide is does not normally occur in that 
animal; it is present in the animal only in pathological conditions (e.g., a heterologous protein 

5 associated with a virus). In other cases, the antigen can be an autologous polypeptide, e.g., a 
tumor-associated antigen, that is misregulated in a disease state or other condition. The 
polypeptides encoded by the chimeric nucleic acid (e.g., DNA vaccine) are synthesized in 
vivo (i.e., produced by the animals' own tissues); the expressed chimeric proteins can be 
processed by the cell and expressed by MHC molecules, e.g., class I MHC polypeptides. 

10 The chimeric nucleic acids encoding the antigen-comprising polynucleotides 

can be ligated into a suitable construct for in vivo administration, e.g., an expression vector 
which has been specifically optimized for polynucleotide vaccinations. The chimeric 
polypeptide-encoding sequences are operably linked to regulatory elements, such as 
transcriptional promoters, enhancers, immunogenic epitopes, and additional coding 

15 sequences (e.g., cistrons) encoding immuno-enhancing or immuno-modulatory genes, which 
can have their own regulatory elements (e.g., promoters, transcriptional terminators); the 
construct can also comprise a bacterial origin of replication and/or antibiotic resistance gene. 
The vector may also contain internal ribosome entry sites (IRES) for the expression of 
polycistrbnic mRNA. Transcriptional promoters include such powerful RNA polymerase 

20 promoters as the T7 or SP6 promoters. 

The polynucleotide and DNA vaccines described herein elicit protective 
immunity against the antigens encoded. For example, the injection of a DNA expression 
vector encoding antigen E7 results death of tumor cells or a decrease in tumor cell growth. 
Antigen-specific CTLs against the tumor cells are produced following vaccination. 

25 A number of advantages are associated with the in vivo administration 

vaccination strategy of the chimeric nucleic acids and expression systems of the invention. A 
drawback of many known DNA vaccines is their limited potency. In contrast to standard 
DNA vaccines, the chimeric nucleic acids (polynucleotides) and the methods of vaccination 
of the invention yield potent antigen-specific immunotherapy. The polynucleotides and DNA 

30 vaccines of the invention can induce a cellular immune response, such as a cytotoxic T 

lymphocyte (CTL) response, that is at least about 2-fold, at least about 10-fold, at least about 
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20-fold, at least about 30-fold, or at least about 40-fold more potent than conventional DNA 
vaccines (e.g., those that do not contain the chimeric nucleic acids of the invention, e.g., 
sequences encoding an chimeric polypeptide comprising a first polypeptide domain 
comprising a carboxy terminal fragment of a heat shock protein (HSP), an Flt-3 ligand (FL), 

5 a cytoplasmic translocation domain of a Pseudomonas exotoxin A (ETA dll), or a 

granulocyte-macrophage-colony stimulating factor (GM-CSF) sequence (or an APC-binding 
domain or a cytoplasmic translocation domain); and, a second polypeptide domain 
comprising an antigenic polypeptide. 

Vaccine potency is determined by methods known in the art, e.g., by 

10 measuring CD8 + T cell precursors induced after vaccination or by measuring a reduction in 
pathogen (e.g., virus) or tumor load after vaccination, as described herein. While the 
invention is not limited by any particular mechanism of action, polypeptides encoded in a 
DNA vaccine may have the potential to enter the MHC class I pathway and evoke a cytotoxic 
T cell response. In one embodiment, the chimeric nucleic acid (e.g., DNA vaccine) of the 

15 invention is specifically designed to direct the immunogen into the MHC class I antigen- 
processing pathway by encoding a cytoplasmic translocation polypeptide domain (a 
"cytoplasmic translocator domain"). As a result, elicitation of a cytotoxic T cell response is 
optimized. 

Other advantages of DNA vaccines include safety and simplicity of large scale 
20 production. The vaccines of the present invention are safe and useful for administration to 
domesticated or agricultural animals, as well as humans. For example, naked plasmid DNA 
is safe, has low immunogenicity, and can be repeatedly administered. DNA vaccines are 
easily prepared in large scale with high purity and are highly stable relative to proteins and 
other biologic polymers. See, e.g., U.S. Patent Nos. 5,580,859; 5,589,466; 5,910,488. 
25 The amount of expressible DNA or transcribed RNA to be introduced into a 

vaccine recipient may vary depending on the strength of the transcriptional and translational 
promoters used. In addition, the magnitude of the immune response may depend on the level 
of protein expression and on the immunogenicity of the expressed gene product. In general, 
an effective dose ranges between about 1 ng to 5 mg, 100 ng to 2.5 mg, or between about 1 
30 ng to about 750 |Ltg, or between about 10 |xg to about 300 ng of DNA is administered directly 
into a bodily tissue, such as muscle or dermal tissue. One dosage for intravenous 
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administration (IV) of DNA is approximately 10 6 to 10 22 copies of the DN A molecule. 
Subcutaneous injection (SC), intradermal introduction, impression through the skin, and 
other modes of administration such as intraperitoneal, intravenous, or inhalation delivery are 
also suitable. For example, DNA can be administered by "biolistics" such as using a "gene 
5 gun." Booster vaccinations can be administered in the same manner. See, e.g., U.S. Patent 
Nos: 6,004,287; 5,753,477; 5,179,022. 

DNA vaccines also can be formulated to be delivered as part of a Listeria 
monocytogenes vaccine using known methods, e.g., those described in Pan et al., 1995, 
Cancer Res. 55(21):4776-4779 and Pan et al., 1995, Nature Med. l(5):471-7. Following 

10 vaccination with a polynucleotide immunogen, the immune response may also be boosted by 
administering the corresponding polypeptide immunogen. 

The chimeric nucleic acid, vectors or other polynucleotide may be naked, that 
is, unassociated with any proteins, adjuvants or other agents that affect the recipients 1 
immune system. Naked DNA is administered in a physiologically acceptable solution, such 

15 as sterile saline or sterile buffered saline. 

Alternatively, the DNA may be associated with liposomes, such as lecithin 
liposomes or as a DNA-liposome mixture. Agents that assist in the cellular uptake of DNA 
(i.e., transfection facilitating agents), such as calcium ions may also be used. 
Microprojectiles coated with a polynucleotide are also useful as a means of administering the 

20 vaccine, e.g., gold particles. Small particle liposome or lipid complex aerosol compounds 
can also be used to deliver the nucleic acids of the invention, see, e.g., U.S. Patent No. 
6,090,407. 

Functional components of the immunogenic composition: The chimeric 
nucleic acid of the invention comprises a contiguous nucleic acid sequences capable of being 

25 expressed to produce a chimeric gene product with two or three or more functional domains: 
a first polypeptide domain comprising a carboxy terminal fragment of a heat shock protein 
(HSP), an Flt-3 ligand (FL), a cytoplasmic translocation domain of a Pseudomonas exotoxin 
A (ETA dll), or a granulocyte-macrophage-colony stimulating factor (GM-CSF) sequence, or 
an APC-binding domain; and, a second polypeptide domain comprising an antigenic 

30 polypeptide (e.g., a MHC Class I-restricted epitope). The chimeric nucleic acid can further 
comprise a cytoplasmic translocation domain-encoding sequence. The encoded gene product 
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generates a potent immune response, particular a cytotoxic T cell response. The response is 
more potent than administering the chimeric gene product and more potent than 
administering a DNA vaccine which encodes an antigen (e.g., MHC class I-restricted 
epitope) without a carboxy terminal fragment of a heat shock protein (HSP), an Flt-3 ligand 

5 (FL), a cytoplasmic translocation domain of a Pseudomonas exotoxin A (ETA dll), or a 

granulocyte-macrophage-colony stimulating factor (GM-CSF) sequence, or an APC-binding 
portion; or, as in one embodiment, a cytoplasmic translocation portion. 

Domains of HSP 70 Which Confer Enhancement of Antigen-Specific Immune 
Responses: The domain structure of Mycobacterium tuberculosis HSP70 was determined, as 

10 described in detail in Example 5, below. At least three functional domains were identified: 
an ATPase domain (containing residues 1-356 of SEQ ID NO:9), substrate binding domain 
(SD; containing residues 357-516 of SEQ ID NO:9) and a carboxyterminal domain (CD; 
containing residues 517-625 of SEQ ID NO:9) (Fig. 16). The contribution of each domain of 
this HSP70 on the potency of naked DNA vaccines was determined. DNA encoding each 

15 domain was linked in frame, i.e., operably linked, to DNA encoding the papillomavirus 
antigen E7. E7-specific CD8 T cell immune responses were measured. 

The results indicated that when incorporated into a DNA vaccine construct, 
DNA encoding a cytoplasmic domain (CD) of HSP70 increases the potency of the DNA 
vaccine in generating immunity to the target antigen encoded by the vaccine. Moreover, the 

20 cytoplasmic domain accounts for most of the enhancement of antigen specific MHC class I 
restricted CD8+ T cell immune responses in DNA constructs that contain full length HSP70. 

DEFINITIONS 

Unless defined otherwise, all technical and scientific terms used herein have 
the meaning commonly understood by a person skilled in the art to which this invention 
25 belongs. As used herein, the following terms have the meanings ascribed to them unless 
specified otherwise. 

The terms "antigen" or "immunogen" as used herein refers to a compound or 
composition comprising a peptide, polypeptide or protein which is "antigenic" or 
"immunogenic" when administered (or expressed in vivo by an administered nucleic acid, 
30 e.g., a DNA vaccine) in an appropriate amount (an "immunogenically effective amount"), 
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is capable of eliciting, augmenting or boosting a cellular and/or humoral immune 
response (which can also be immunosuppressive, e.g., as is the case in the induction of 
suppression), either alone or in combination or linked or fused to another substance (which 
can be administered at once or over several intervals). 

5 The term "expression cassette" as used herein refers to a nucleotide sequence 

that is capable of affecting expression of a structural gene (i.e., a protein coding sequence) in 
a host compatible with such sequences. Expression cassettes include at least a promoter 
operably linked with the polypeptide coding sequence; and, optionally, with other sequences, 
e.g., transcription termination signals. Additional factors necessary or helpful in effecting 

10 expression may also be used, e.g., enhancers. "Operably linked" as used herein refers to 
linkage of a promoter upstream from a DNA sequence such that the promoter mediates 
transcription of the DNA sequence. Thus, expression cassettes also include plasmids, 
expression vectors, recombinant viruses, any form of recombinant "naked DNA" vector, and 
the like. A "vector" comprises a nucleic acid that can infect, transfect, transiently or 

15 permanently transduce a cell. It will be recognized that a vector can be a naked nucleic acid, 
or a nucleic acid complexed with protein or lipid. The vector optionally comprises viral or 
bacterial nucleic acids and/or proteins, and/or membranes (e.g., a cell membrane, a viral lipid 
envelope, etc.). Vectors include, but are not limited to replicons (e.g., RNA replicons (see 
Example 6, below), bacteriophages) to which fragments of DNA may be attached and 

20 become replicated. Vectors thus include, but are not limited to RNA, autonomous self- 
replicating circular or linear DNA or RNA (e.g., plasmids, viruses, and the like, see, e.g., 
U.S. Patent No. 5,217,879), and include both the expression and nonexpression plasmids. 
Where a recombinant microorganism or cell culture is described as hosting an "expression 
vector" this includes both extrachromosomal circular and linear DNA and DNA that has been 

25 incorporated into the host chromosome(s). Where a vector is being maintained by a host cell, 
the vector may either be stably replicated by the cells during mitosis as an autonomous 
structure, or is incorporated within the host's genome. 

The terms "linked" or "chemically linked" refers to any chemical bonding of 
two moieties, e.g., as in one embodiment of the invention, where an ER chaperone 

30 polypeptide is chemically linked to an antigenic peptide. Such chemical linking includes the 
peptide bonding of a recombinantly or in vivo generated fusion protein. 
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The term "chimeric protein" or "fusion protein" refers to a composition 
comprising at least one polypeptide or peptide domain that is associated with a second 
polypeptide or peptide domain. For example, in one embodiment, the invention provides an 
isolated or recombinant nucleic acid molecule encoding a fusion protein (a chimeric 

5 polypeptide) comprising at least two domains, a first polypeptide domain comprising a 

carboxy terminal fragment of a heat shock protein (HSP), an Flt-3 ligand (FL), a cytoplasmic 
translocation domain of a Pseudomonas exotoxin A (ETA dll), or a granulocyte- 
macrophage-colony stimulating factor (GM-CSF) sequence, and a second polypeptide 
domain comprising an antigenic polypeptide. Additional domains can comprise a 

10 polypeptide, peptide, polysaccharide, or the like. The "fusion" can be an association 

generated by a peptide bond, a chemical linking, a charge interaction {e.g., electrostatic 
attractions, such as salt bridges, H-bonding, etc.) or the like. If the polypeptides are 
recombinant, the "fusion protein" can be translated from a common message. Alternatively, 
the compositions of the domains can be linked by any chemical or electrostatic means. The 

15 chimeric molecules of the invention can also include additional sequences, e.g. , linkers, 
epitope tags, enzyme cleavage recognition sequences, signal sequences, secretion. signals, 
and the like. Alternatively, a peptide can be linked to a carrier simply to facilitate 
manipulation or identification/ location of the chimeric polypeptide. 

The terms "antigenic" or "immunogen" or "immunogenic composition" refers 

20 to a compound or composition comprising a peptide, polypeptide or protein which is 

"immunogenic," i.e., capable of eliciting, augmenting or boosting a cellular and/or humoral 
immune response, either alone or in combination or linked or fused to another substance. An 
immunogenic composition can be a peptide of at least about 5 amino acids, a peptide of 10 
amino acids in length, a fragment 1 5 amino acids in length, a fragment 20 amino acids in 

25 length or greater. The immunogen can comprise a "carrier" polypeptide and a hapten, e.g. , a 
fusion protein or a carrier polypeptide fused or linked (chemically or otherwise) to another 
composition. The immunogen can be recombinantly expressed in an immunization vector, 
which can be simply naked DNA comprising the immunogen' s coding sequence operably 
linked to a promoter, e.g., a simple expression cassette. The immunogen includes antigenic 

30 determinants, or epitopes, to which antibodies or, when bound to an MHC molecule's peptide . 
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binding site, T lymphocyte receptors (TCRs) bind; these epitopes are typically 3 to 10 amino 
acids in length. 

The term "isolated" as used herein, when referring to a molecule or 
composition, such as, e.g., a, chimeric nucleic acid or polypeptide of the invention, means that 

5 the molecule or composition is separated from at least one other compound, such as a 

protein, other nucleic acids (e.g. , RNAs), or other contaminants with which it is associated in 
vivo or in its naturally occurring state. Thus, a composition is considered isolated when it has 
been isolated from any other component with which it is "naturally" associated or associated 
because it was generated recombinantly in vitro or in vivo, e.g., cell membrane, as in a cell 

10 extract. An isolated composition can, however, also be substantially pure. An isolated 
composition can be in a homogeneous state and can be in a dry or an aqueous solution. 
Purity and homogeneity can be determined, for example, using analytical chemistry 
techniques such as polyacrylamide gel electrophoresis (SDS-PAGE) or high performance 
liquid chromatography (HPLC). Thus, the isolated compositions of this invention do not 

15 contain materials normally associated with their in situ environment. Even where a protein 
has been isolated to a homogenous or dominant band, there can be trace contaminants which 
co-purify with the desired composition. 

The phrase "HPV polypeptide" including HPV-16 E7 polypeptides describes 
polypeptides well known in the art; e.g., for HPV-16 E7, see, e.g., GenBank Accession No. 

20 AF125673 (June 01, 1999) describing the complete HPV-16 genome and the HPV-16 E7 
protein 

The terms "polypeptide," "protein," and "peptide" include compositions of the 
invention that also include "analogs," or "conservative variants" and "mimetics" or 
"peptidomimetics" with structures and activity that substantially correspond to the 

25 polypeptide from which the variant was derived, including, e.g., a carboxy terminal fragment 
of a heat shock protein (HSP), an Flt-3 ligand (FL), a cytoplasmic translocation domain of a 
Pseudomonas exotoxin A (ETA dll), or a granulocyte-macrophage-colony stimulating factor 
(GM-CSF) sequence. 

The term "pharmaceutical composition" refers to a composition suitable for 

30 pharmaceutical use, e.g., as a vaccine, in a subject. The pharmaceutical compositions of this 
invention are formulations that comprise a pharmacologically effective amount of a 
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composition comprising, e.g., a nucleic acid, or vector, or cell of the invention, and a 
pharmaceutically acceptable carrier. 

The term "promoter" is an array of nucleic acid control sequences that direct 
transcription of a nucleic acid. As used herein, a promoter includes necessary nucleic acid 
5 sequences near the start site of transcription, such as, in the case of a polymerase II type 

promoter, a TATA element. A promoter also optionally includes distal enhancer or repressor 
elements that can be located as much as several thousand base pairs from the start site of 
transcription. A "constitutive" promoter is active under most environmental and 
developmental conditions. An "inducible" promoter is active under environmental or 

10 developmental regulation. A "tissue specific" promoter is active in certain tissue types of an 
organism, but not in other tissue types from the same organism. The term "operably linked" 
refers to a functional linkage between a nucleic acid expression control sequence (such as a 
promoter, or array of transcription factor binding sites) and a second nucleic acid sequence, 
wherein the expression control sequence directs transcription of the nucleic acid 

15 corresponding to the second sequence. 

The term "recombinant" refers to a polynucleotide synthesized or otherwise 
manipulated in vitro (e.g., "recombinant polynucleotide"), to methods of using recombinant 
polynucleotides to produce gene products in cells or other biological systems, or to a 
polypeptide ("recombinant protein") encoded by a recombinant polynucleotide. For 

20 example, recombinant nucleic acid or polypeptide, as described herein, can be used to 

practice the methods of the invention. "Recombinant means" also encompass the ligation of 
nucleic acids having various coding regions or domains or promoter sequences from different 
sources into an expression cassette or vector for expression of, e.g., inducible or constitutive 
expression of polypeptide coding sequences in the vectors used to practice this invention. 

25 The term "self-replicating RNA replicon" refers to constructs based on RNA 

viruses, e.g., alphavirus genome RNAs (e.g., Sindbis virus, Semliki Forest virus, etc.), that 
have been engineered to allow expression of heterologous RNAs and proteins. These 
recombinant vectors are self-replicating (i.e., they are "replicons") and can be introduced into 
cells as naked RNA or DNA, as described in detail, below. In one embodiment, the self- 

30 replicating RNA replicon comprises a Sindbis virus self-replicating RNA vector SINrep5, 
which is described in detail in U.S. Patent No. 5,217,879. 
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The term "systemic administration" refers to administration of a composition 
or drug, such as the DNA vaccines of the invention or chimeric nucleic acids and 
polypeptides described herein, in a manner that results in the introduction of the composition 
or drug into the circulatory system. The term "regional administration" refers to 
5 administration of a composition or drug into a specific anatomical space, such as 

intraperitoneal, intrathecal, subdural, or to a specific organ, and the like. For example, 
regional administration includes administration of the composition or drug into the hepatic 
artery for regional administration to the liver. The term "local administration" refers to 
administration of a composition or drug into a limited, or circumscribed, anatomic space, 
10 such as intratumoral injection into a tumor mass, subcutaneous injections, intramuscular 

injections, and the like. Any one of skill in the art would understand that local administration 
or regional administration may also result in entry of the composition or drug into the 
circulatory system. 

Generating and Manipulating of Nucleic Acids 

15 The methods of the invention provide for the administration of nucleic acids 

encoding fusion proteins, as described herein. Recombinant fusion proteins can be 
synthesized in vitro or in vivo. Nucleic acids encoding these compositions can be in the form 
of "naked DNA" or they can be incorporated in plasmids, vectors, recombinant viruses (e.g., 
"replicons") and the like for in vivo or ex vivo administration. Nucleic acids and vectors of 

20 the invention can be made and expressed in vitro or in vivo, a variety of means of making and 
expressing these genes and vectors can be used. One of skill will recognize that desired gene 
activity may be obtained by modulating the expression or activity of the genes and nucleic 
acids (e.g., promoters) within vectors used to practice the invention. Any of the known 
methods described for increasing or decreasing expression or activity, or tissue specificity, of 

25 genes can be used for this invention. The invention can be practiced in conjunction with any 
method or protocol known in the art, which are well described in the scientific and patent 
literature. 

General Techniques 

The nucleic acid sequences used to practice this invention, whether RNA, 
30 cDNA, genomic DNA, vectors, recombinant viruses or hybrids thereof, may be isolated from 
a variety of sources, genetically engineered, amplified, and/or expressed recombinantly. Any 
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recombinant expression system can be used, including, in addition to bacterial cells, e.g., 
mammalian, yeast, insect or plant cell expression systems. Alternatively, these nucleic acids 
can be synthesized in vitro by well-known chemical synthesis techniques, as described in, 
e.g., Carruthers (1982) Cold Spring Harbor Symp. Quant. Biol. 47:411-418; Adams (1983) J. 
5 Am. Chem. Soc. 105:661; Belousov (1997) Nucleic Acids Res. 25:3440-3444; Frenkel 

(1995) Free Radic. Biol. Med. 19:373-380; Blommers (1994) Biochemistry 33:7886-7896; 
Narang (1979) Meth. Enzymol. 68:90; Brown (1979) Meth. Enzymol. 68:109; Beaucage 
(1981) Tetra. Lett. 22:1859; U.S. Patent No. 4,458,066. Double stranded DNA fragments 
may then be obtained either by synthesizing the complementary strand and annealing the 

10 strands together under appropriate conditions, or by adding the complementary strand using 
DNA polymerase with an appropriate primer sequence. 

Techniques for the manipulation of nucleic acids, such as, e.g., generating 
mutations in sequences, subcloning, labeling probes, sequencing, hybridization and the like 
are well described in the scientific and patent literature, see, e.g., Sambrook, ed., 

15 Molecular Cloning: a Laboratory Manual (2nd ed.), Vols. 1-3, Cold Spring Harbor 
Laboratory, (1989); Current Protocols in Molecular Biology, Ausubel, ed. John Wiley 
& Sons, Inc., New York (1997); Laboratory Techniques in Biochemistry and 
Molecular Biology: Hybridization With Nucleic Acid Probes, Part I. Theory and 
Nucleic Acid Preparation, Tijssen, ed. Elsevier, N.Y. (1993). 

20 Nucleic acids, vectors, capsids, polypeptides, and the like can be analyzed and 

quantified by any of a number of general means well known to those of skill in the art. These 
include, e.g., analytical biochemical methods such as NMR, spectrophotometry, radiography, 
electrophoresis, capillary electrophoresis, high performance liquid chromatography (HPLC), 
thin layer chromatography (TLC), and hyperdifiusion chromatography, various 

25 immunological methods, e.g. fluid or gel precipitin reactions, immunodiffusion, Immuno- 
electrophoresis, radioimmunoassays (RIAs), enzyme-linked immunosorbent assays 
(ELISAs), immuno-fluorescent assays, Southern analysis, Northern analysis, dot-blot 
analysis, gel electrophoresis (e.g., SDS-PAGE), RT-PCR, quantitative PCR, other nucleic 
acid or target or signal amplification methods, radiolabeling, scintillation counting, and 

30 affinity chromatography. 
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Amplification of Nucleic Acids 

Oligonucleotide primers can be used to amplify nucleic acids to generate 
fusion protein coding sequences used to practice the invention, to monitor levels of vaccine 
after in vivo administration (e.g., levels of a plasmid or virus), to confirm the presence and 
5 phenotype of activated CTLs, and the like. The skilled artisan can select and design suitable 
oligonucleotide amplification primers using known sequences, e.g., those encoding a carboxy 
terminal fragment of a heat shock protein (HSP), an Flt-3 ligand (FL), a cytoplasmic 
translocation domain of a Pseudomonas exotoxin A (ETA dll), or a granulocyte- 
macrophage-colony stimulating factor (GM-CSF) sequence. Amplification methods are also 

10 well known in the art, and include, e.g. , polymerase chain reaction, PCR (PCR 

PROTOCOLS, A GUIDE TO METHODS AND APPLICATIONS, ed. Innis, Academic 
Press, N.Y. (1990) and PCR STRATEGIES (1995), ed. Innis, Academic Press, Inc., N.Y., 
ligase chain reaction (LCR) (see, e.g., Wu (1989) Genomics 4:560; Landegren (1988) 
Science 241:1077; Barringer (1990) Gene 89:1 17); transcription amplification (see, e.g., 

15 Kwoh (1989) Proc. Natl. Acad. Sci. USA 86:1 173); and, self-sustained sequence replication 
(see, e.g., Guatelli (1 990) Proc. Natl. Acad. Sci. USA 87: 1 874); Q Beta replicase 
amplification (see, e.g., Smith (1997) J. Clin. Microbiol. 35:1477-1491), automated Q-beta 
replicase amplification assay (see, e.g., Burg (1996) Mol. Cell. Probes 10:257-271) and other 
RNA polymerase mediated techniques (e.g., NASBA, Cangene, Mississauga, Ontario); see 

20 also Berger (1 987) Methods Enzymol. 1 52:307-3 1 6; Sambrook; Ausubel; U.S. Patent Nos. 
4,683,195 and 4,683,202; Sooknanan (1995) Biotechnology 13:563-564. 

Cloning and construction of expression cassettes 

Expression cassettes, including plasmids, recombinant viruses (e.g., RNA 
viruses like the replicons described below) and other vectors encoding the fusion proteins 
25 described herein are used to express these polypeptides in vitro and in vivo. Recombinant 
nucleic acids expressed by a variety of conventional techniques, well described in the 
scientific and patent literature. See, e.g., Roberts (1987) Nature 328:731; Schneider (1995) 
Protein Expr. Purif. 6435:10; Sambrook, Tijssen or Ausubel. Plasmids, vectors, etc. can be 
isolated from natural sources, obtained from such sources as ATCC or GenBank libraries, or 
30 prepared by synthetic or recombinant methods. 
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The nucleic acids used to practice the invention can be stably or transiently 
expressed in cells (e.g., episomal expression systems). Selection markers can be 
incorporated to confer a selectable phenotype on transformed cells. For example, selection 
markers can code for episomal maintenance and replication such that integration into the host 
genome is not required. For example, the marker may encode antibiotic resistance (e.g., 
chloramphenicol, kanamycin, G418, bleomycin, hygromycin) or herbicide resistance (e.g., 
chlorosulfiiron or Basta) to permit selection of those cells transformed with the desired DNA 
sequences (see, e.g., Blondelet- Rouault (1997) Gene 190:315-317; Aubrecht (1997) J. 
Pharmacol. Exp. Ther. 281:992-997). 

In Vivo Nucleic Acid Administration 

In one embodiment, the chimeric nucleic acids of the invention are cloned into 
expression cassettes (e.g., plasmids or other vectors, viruses) that can transfect or infect cells 
(such as human or other mammalian cells) in vitro, ex vivo and/or in vivo. Any approach can 
be used, e.g., lipid or liposome based gene delivery (see, e.g., Mannino (1988) 
BioTechniques 6:682-691; U.S. Pat No. 5,279,833), replication-defective retroviral vectors 
with desired exogenous sequence as part of the retroviral genome (see, e.g., Miller (1990) 
Mol. Cell. Biol. 10:4239; Kolberg (1992) J. NIH Res. 4:43; Cornetta (1991) Hum. Gene 
Ther. 2: 215). See also, e.g., Zhang (1996) Cancer Metastasis Rev. 15:385-401; Anderson, 
Science (1992) 256: 808-813; Nabel (1993) TIBTECH 11:21 1-217; Mitani (1993) 
TIBTECH 1 1 : 162-166; Mulligan (1993) Science, 926-932; Dillon (1993) TIBTECH 1 1 : 
167-175; Miller (1992) Nature 357: 455-460. 

Expression cassettes can also be derived from viral genomes. Vectors which 
may be employed include recombinantly modified enveloped or non-enveloped DNA and 
RNA viruses, e.g., from baculoviridiae, parvoviridiae, picornoviridiae, herpesveridiae, 
poxviridae, adenoviridiae, picornnaviridiae or alphaviridae. Chimeric vectors may also be 
employed which exploit advantageous merits of each of the parent vector properties (See 
e.g., Feng (1997) Nature Biotechnology 15:866-870). Such viral genomes may be modified 
by recombinant DNA techniques to include the tumor suppressor gene and may be 
engineered to be replication deficient, conditionally replicating or replication competent. 
The vectors can be replication deficient or conditionally replicating. Vectors can be derived 
from adenoviral, adeno-associated viral or retroviral genomes. Retroviral vectors can include 
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those based upon murine leukemia virus (MuLV), gibbon ape leukemia virus (GaLV), 
Simian Immuno deficiency virus (SIV), human irnmuno deficiency virus (HIV), and 
combinations thereof. See, e.g., Buchscher (1992) J. Virol. 66(5) 2731-2739; Johann (1992) 
J. Virol. 66 (5):1635-1640 (1992); Sommerfelt (1990) Virol. 176:58-59; Wilson (1989) J. 
Virol. 63:2374-2378; Miller (1991) J. Virol. 65:2220-2224. Adeno-associated virus (AAV)- 
based vectors can also used to transduce cells, e.g., for the in vitro production of nucleic 
acids and peptides, and in in vivo and ex vivo therapy procedures. See, Okada (1996) Gene 
Ther. 3:957-964; West (1987) Virology 160:38-47; Carter (1989) U.S. Patent No. 4,797,368; 
Carter et al. WO 93/24641 (1993); Kotin (1994) Human Gene Therapy 5:793-801; Muzyczka 
(1994) J. Clin. Invst. 94:1351, for an overview of AAV vectors. 

In vivo administration using self-replicating RNA replicons 

In addition to the above-described expression vectors and recombinant 
viruses, self-replicating RNA replicons can also be used to infect cells or tissues or whole 
organisms with a fusion protein-expressing nucleic acids of the invention. Thus, the 
invention also incorporates RNA viruses, e.g., alphavirus genome RNAs (e.g., Sindbis virus; 
Semliki Forest virus; Venezuelan equine encephalitis virus, and the like), that have been 
engineered to allow expression of heterologous RNAs and proteins. High levels of 
expression of heterologous sequences, e.g., fusion proteins of the invention, are achieved 
when the viral structural genes are replaced by the heterologous coding sequences. 

These recombinant RNAs are self-replicating (i.e., they are "replicons") and 
can be introduced into cells as naked RNA or DNA. However, they require trans 
complementation to be packaged and released from cells as infectious virion particles. The 
defective helper RNAs contain the cw-acting sequences required for replication as well as an 
RNA promoter which drives expression of polypeptide-encoding open reading frames. In 
cells co-transfected with both the replicon and defective helper RNAs, viral nonstructural 
proteins translated from the replicon RNA allow replication and transcription of the defective 
helper RNA to produce the virion's structural proteins. See, e.g., Bredenbeek (1993) J. 
Virol. 67:6439-6446. 

RNA replicon vaccines may be derived from alphavirus vectors, such as 
Sindbis virus (family Togaviridae) (see, e.g., Xiong (1989) Science 243:1 1 88-1 191), Semliki 
Forest virus (see, e.g., Ying (1999) Nat. Med. 5:823-827) or Venezuelan equine encephalitis 
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virus (see, e.g., Pushko (1997) Virology 239:389-401) vectors. These vaccines are self- 
replicating and self-limiting and may be administered as either RNA or DNA, which is then 
transcribed into RNA replicons in transfected cells or in vivo (see, e.g., Berglund (1998) Nat. 
Biotechnol. 16:562-565). Self-replicating RNA infects a diverse range of cell types and 

5 allows the expression of the antigen of interest at high levels (see, e.g., Huang (1996) Curr. 
Opin. Biotechnol. 7:531-535). Additionally, self-replicating RNA eventually causes lysis of 
transfected cells because viral replication is toxic to infected host cells (see, e.g., Frolov 
(1996) J. Virol. 70:1 182-1190). These vectors therefore do not raise the concern associated 
with naked DNA vaccines of integration into the host genome. This is particularly important 

10 for vaccine development targeting proteins that are potentially oncogenic, such as the 
adenoviral E7 protein. 

In one embodiment, the self-replicating RNA replicon comprises a Sindbis 
virus self-replicating RNA vector SINrep5, as described in detail by, e.g., Bredenbeek (1 993) 
J. Virol. 67:6439-6446; see also, e.g., Herrmann (1998) Biochem. Biophys. Res. Commun. 

15 253:524-531. 

Formulation and Administration of Pharmaceutical Compositions 

In various embodiments of the invention, polypeptides, nucleic acids, 
expression cassettes, cells, and particles, are administered to an individual as 
pharmacological compositions in amounts sufficient to generate an antigen-specific immune 

20 response (e.g., a CTL response) in the individual. 

Pharmaceutically acceptable carriers and formulations for nucleic acids, 
peptides and polypeptides are known to the skilled artisan and are described in detail in the 
scientific and patent literature, see e.g., the latest edition of Remington's Pharmaceutical 
Science, Maack Publishing Company, Easton, PA ("Remington's"); Banga; Putney (1998) 

25 Nat. Biotechnol. 16:153-157; Patton (1998) Biotechniques 16:141-143; Edwards (1997) 
Science 276: 1868-1871; U.S. Patent Nos. 5,780,431; 5,770,700; 5,770,201. 

The nucleic acids and polypeptides used in the methods of the invention can 
be delivered alone or as pharmaceutical compositions by any means known in the art, e.g., 
systemically, regionally, or locally; by intraarterial, intrathecal (IT), intravenous (IV), 

30 parenteral, intra-pleural cavity, topical, oral, or local administration, as subcutaneous, intra- 
tracheal (e.g., by aerosol) or transmucosal (e.g., buccal, bladder, vaginal, uterine, rectal, nasal 
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mucosa). Actual methods for delivering compositions will be known or apparent to those 
skilled in the art and are described in detail in the scientific and patent literature, see e.g., 
Remington's. 

The pharmaceutical compositions can be administered by any protocol and in 
5 a variety of unit dosage forms depending upon the method and route and frequency of 

administration, whether other drugs are being administered, the individual's response, and 
the like. Dosages for typical nucleic acid, peptide and polypeptide pharmaceutical 
compositions are well known to those of skill in the art. Such dosages are typically 

r 

advisorial in nature and are adjusted depending on a variety of factors, e.g. , the initial 
10 responses {e.g., amount of antigen-specific CTLs generated, tumor shrinkage, and the like), 
the particular therapeutic context, patient health and tolerance. The amount of 
pharmaceutical composition adequate to generate the desired response is defined as a 
"therapeutically effective dose." The dosage schedule and amounts effective for this use, i.e., 
the "dosing regimen " will depend upon a variety of factors, including, e.g., the diseases or 
15 conditions to be treated or prevented by the immunization, the general state of the patient's 
health, the patient's physical status, age, pharmaceutical formulation and concentration of 
pharmaceutical composition, and the like. The dosage regimen also takes into consideration 
pharmacokinetics, i.e., the pharmaceutical composition's rate of absorption, bioavailability, 
metabolism, clearance, and the like, see, e.g., Remington. Dosages can be determined 
20 empirically, e.g., by assessing the abatement or amelioration of symptoms, or, by objective 

criteria, e.g., measuring levels of antigen-specific CTLs. As noted above, a single or multiple 
administrations can be administered depending on the dosage and frequency as required and 
tolerated by the patient. The pharmaceutical compositions can be administered alone or in 
conjunction with other therapeutic treatments, or, as prophylactic immunization. 

25 Kits 

The invention provides kits that contain the pharmaceutical compositions of 
the invention, as described above, to practice the methods of the invention. In alternative 
embodiments, the kits can contain recombinant or synthetic chimeric polypeptides of the 
invention; or, the nucleic acids encoding them, e.g., in the form of naked DNA (e.g., 
30 plasmids), viruses (e.g. alphavirus-derived "replicons" including Sindbis virus replicans) and 
the like. The kit can contain instructional material teaching methodologies, e.g., means to 
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administer the compositions used to practice the invention, means to inject or infect cells or 
patients or animals with the nucleic acids or polypeptides of the invention, means to monitor 
the resultant immune response (e.g., CTL response) and assess the reaction of the individual 
to which the compositions have been administered, and the like. 

It is understood that the examples and embodiments described herein are for 
illustrative purposes only and that various modifications or changes in light thereof will be 
suggested to persons skilled in the art and are to be included within the spirit and purview of 
this application and scope of the appended claims. 

EXAMPLES 

The following examples are offered to illustrate, but not to limit the claimed 

invention. 

Example 1: Enhancement of DNA Vaccine Potency by Linkage of an Antigen Gene to 
an HSP70 Gene and Treatment of Tumors In Vivo 

The following example describes studies that demonstrate that the 
compositions and methods of the invention are effective for enhancing antigen-specific 
cytotoxic T lymphocyte (CTL) responses and treating tumors in vivo. 

Using HPV-16 E7 as a model antigen, the data described herein indicate that a 
DNA vaccine which contains a polynucleotide encoding a chimeric polypeptide with an heat 
shock protein, cytoplasmic translocation portion, and an antigen in the form of a class I MHC 
epitope resulted in potent immunity specific for the epitope. The effect of linkage to 
Mycobacterium tuberculosis heat shock protein 70 (HSP70) on the potency of antigen- 
specific immunity generated by naked DNA vaccines was evaluated. 

M. tuberculosis HSP70 dramatically enhances the potency of HPV-16 E7- 
expressing DNA vaccines. DNA vaccines with HSP70 fused to HPV-16 E7 elicited strong 
E7-specific cellular immunity (at least 30-fold increase in the E7-specific CD8 + T cells 
precursor frequencies) and generated significant CD8 + T cell-dependent preventive and 
therapeutic effects against HPV-16 E7-expressing murine tumors. 

The data indicated that HSP70 preferentially enhances CD8* T cell responses 
of E7 DNA vaccines. In contrast, CD4 + T cell responses were not detectably enhanced by 
HSP70 linkage. This was demonstrated by a failure to induce detectable IFN-y-expressing 
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CD4+ T cells by flow cytometry and a failure to induce E7-specific antibodies. DNA 
vaccines encoding E7-HSP70 fusion genes increased the frequency of E7-specific CD8+ T 
cells by 40-fold relative to vaccines containing the wild type E7 gene (in the absence of 
HSP70 gene sequences). More importantly, the addition of HSP70 gene sequences to a 
conventional DNA vaccine (e.g., one encoding the antigen alone) converted a less effective 
vaccine into one with significant potency against established E7-expressing tumors. 
Surprisingly, E7-HSP70 fusion vaccines exclusively targeted CD8+ T cells; immunologic 
and antitumor effects were completely CD4 independent. These results indicate that fusion 
of HSP70 to an antigen gene greatly enhances the potency of DNA vaccines via CD8 
dependent pathways. 

Human papilloma virus (HPV)-derived antigens were chosen because HPVs, 
particularly HPV-16, are associated with most cervical cancers. The HPV oncogenic 
proteins, E6 and E7, are important in the induction and maintenance of cellular 
transformation and co-expressed in most HPV-containing cervical cancers. Vaccines or 
immunotherapies targeting E7 and/or E6 proteins can prevent and treat HPV-associated 
cervical malignancies. The data indicate that linking antigen-encoding polynucleotides, e.g., 
full-length E7-encoding sequences, to HSP-encoding sequences enhances the potency of 
DNA vaccines. DNA vaccines containing wild type HPV-16 E7 with DNA vaccines 
containing full-length E7 fused to Mycobacterium tuberculosis HSP70 were evaluated for 
their immune response generation and their ability to protect animals against the HPV-16 E7- 
expressing murine tumors. Linking DNA encoding E7 to DNA encoding HSP70 
dramatically increases expansion and activation of E7-specific CD8+ T cells, completely 
bypassing the CD4 arm. This enhanced CD8 response results in potent antitumor immunity 
against established tumors. 

The following materials and methods were used to generate the data described 

below. 

Plasmid DNA Constructs and Preparation: DNA fragment encoding 
Mycobacterium tuberculosis HSP70 is known in the art (GENBANK Accession No. Z95324 
AL123456; nucleotides 10633-12510 encode HSP70). 

Table 1 : Amino acid sequence of HSP70 
MARAVGIDLGTTNSVVSVLEGGDPVVVANSEGSRTTPSIVAFAR 

NGEVLVGQPAKNQAVTNVDRTVRSVKRHMGSDWSIEIDGKKYTAPEISARILMKLKRD 
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AEAYLGEDITDAVITTPAYFNDAQRQATKDAGQIAGLNVLRIVNEPTAAALAYGLDKG 

EKEQRILVFDLGGGTFDVSLLEIGEGVVEVRATSGDNHLGGDDWDQRVVDWLVDKFKG 

TSGIDLTKDKMAMQRLREAAEKAKIELSSSQSTSINLPYITVDADKNPLFLDEQLTRA 

EFQRJTQDLLDRTRXPFQSVIADTGISVSEIDHVVLVGGSTRMPAVTDLVKELTGGKE 

PNKGVNPDEVVAVGAALQAGVLKGEVKDVLLLDVTPLSLGIETKGGVMTRLIERNTTI 

PTKRSETFTTADDNQPSVQIQVYQGEREIAAHNKLLGSFELTGIPPAPRGIPQIEVTF 

DIDANGIVHVTAKDKGTGKENTIRIQEGSGLSKEDIDRMIKDAEAHAEEDRKRREEAD 

VRNQAETLVYQTEKFVKEQREAEGGSKVPEDTLNKVDAAVAEAKAALGGSD1SAIKSA 

MEKLGQESQALGQAIYEAAQAASQATGAAHPGGEPGGAHPGSADDVVDAEVVDDGREAK 

(SEQ ID NO:9), GENBANK Z95324 AL123456; encoded by nucleotides 10633-12510 of 

Mycobacterium tuberculosis genome/ 

Table 2: Nucleotide sequence encoding HSP70 

atggctcg tgcggtcggg atcgacctcg ggaccaccaa ctccgtcgtc tcggttctgg aaggtggcga 

cccggtcgtc gtcgccaact ccgagggctc caggaccacc ccgtcaattg tcgcgttcgc ccgcaacggt gaggtgctgg 

tcggccagcc cgccaagaac caggcagtga ccaacgtcga tcgcaccgtg cgctcggtca agcgacacat gggcagcgac 

tggtccatag agattgacgg caagaaatac accgcgccgg agatcagcgc ccgcattctg atgaagctga agcgcgacgc 

cgaggcctac ctcggtgagg acattaccga cgcggttatc acgacgcccg cctacttcaa tgacgcccag cgtcaggcca 

ccaaggacgc cggccagatc gccggcctca acgtgctgcg gatcgtcaac gagccgaccg cggccgcgct ggcctacggc 

ctcgacaagg gcgagaagga gcagcgaatc ctggtcttcg acttgggtgg tggcactttc gacgtttccc tgctggagat 

cggcgagggt gtggttgagg tccgtgccac ttcgggtgac aaccacctcg gcggcgacga ctgggaccag cgggtcgtcg 

attggctggt ggacaagttc aagggcacca gcggcatcga tctgaccaag gacaagatgg cgatgcagcg gctgcgggaa 

gccgccgaga aggcaaagat cgagctgagt tcgagtcagt ccacctcgat caacctgccc tacatcaccg tcgacgccga 

caagaacccg ttgttcttag acgagcagct gacccgcgcg gagttccaac ggatcactca ggacctgctg gaccgcactc 

gcaagccgtt ccagtcggtg atcgctgaca ccggcatttc ggtgtcggag atcgatcacg ttgtgctcgt gggtggttcg 

acccggatgc ccgcggtgac cgatctggtc aaggaactca ccggcggcaa ggaacccaac aagggcgtca accccgatga 

ggttgtcgcg gtgggagccg ctctgcaggc cggcgtcctc aagggcgagg tgaaagacgt tctgctgctt gatgttaccc 

cgctgagcct gggtatcgag accaagggcg gggtgatgac caggctcatc gagcgcaaca ccacgatccc caccaagcgg 

tcggagactt tcaccaccgc cgacgacaac caaccgtcgg tgcagatcca ggtctatcag ggggagcgtg agatcgccgc 

gcacaacaag ttgctcgggt ccttcgagct gaccggcatc ccgccggcgc cgcgggggat tccgcagatc gaggtcactt 

tcgacatcga cgccaacggc attgtgcacg tcaccgccaa ggacaagggc accggcaagg agaacacgat ccgaatccag . 

gaaggctcgg gcctgtccaa ggaagacatt gaccgcatga tcaaggacgc cgaagcgcac gccgaggagg 

atcgcaagcg tcgcgaggag gccgatgttc gtaatcaagc cgagacattg gtctaccaga cggagaagtt cgtcaaagaa 

cagcgtgagg ccgagggtgg ttcgaaggta cctgaagaca cgctgaacaa ggttgatgcc gcggtggcgg aagcgaaggc 
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ggcacttggc ggatcggata tttcggccat caagtcggcg atggagaagc tgggccagga gtcgcaggct ctggggcaag 
cgatctacga agcagctcag gctgcgtcac aggccactgg cgctgcccac cccggcggcg agccgggcgg tgcccacccc 
ggctcggctg atgacgttgt ggacgcggag gtggtcgacg acggccggga ggccaagtga (SEQ ID NO: 10); 
nucleotides 10633-12510 of GENBANK Accession No. Z95324 AL123456. 

For the generation of HSP-expressing plasmid (pcDNA3-HSP), HSP70- 
encoding DNA was subcloned from pKS70 into the unique BamHI and Hindlll cloning sites 
of the pcDNA3.1(-) expression vector (Invitrogen, Carlsbad, CA) downstream of the 
cytomegalovirus promoter. For the generation of HPV-16 E7-expressing plasmid (pcDNA3- 
E7), E7 DNA was amplified by PGR using primers designed to generate BamHI and Hindlll 
restriction sites at the 5 s and 3' ends of the amplified fragments respectively. The amplified 
E7 DNA was then cloned into the unique BamHI and Hindlll cloning sites of the pcDNA3.1. 
For the generation of E7-HSP70 chimera (pcDNA-E7-HSP70), E7 DNA was amplified by 
PCR using primers designed to generate BamHI restriction sites at both 5' and 3' ends of the 
amplified fragments. The E7 DNA was then subcloned to the 5' end of pcDNA3-HSP. The 
accuracy of these constructs was confirmed by DNA sequencing. Plasmid DNA with HSP, 
E7 or E7-HSP70 gene insert and the "empty" plasmid vector were transfected into 
subcloning efficient DH5 (TM cells; Life Technologies, USA). The DNA was then 
amplified and purified using double CsCl purification (BioServe Biotechnologies, Laurel, 
Maryland). The integrity of plasmid DNA and the absence of Escherichia coli DNA or RNA 
were checked in each preparation using 1% agarose gel electrophoresis. DNA concentration 
was determined by the optical density measured at 260 nm. The presence of the inserted E7 
fragment was confirmed by restriction enzyme digestion and gel electrophoresis. Reticulum 
and calreticulum polypeptides (and polynucleotides encoding them) are a useful alternative 
to the HSP component of the immunogenic composition. 

Table 3: Amino acid sequence of HPV16 E7 antigen 
MHGDTPTLHEYMLDLQPETTDLYCYEQLNDSSEEEDEIDGPAGQAEPDRAHY 
NIVTFCCKCDSTLRLCVQ STHVDIRTLEDLLMGTLGIVCPICSQKP (SEQ ID NO: 7), 
GENBANK Accession No. AAD33353. 

Table 4: Nucleotide sequence encoding HPV E7 
atgcatgga gatacaccta cattgcatga atatatgtta gatttgcaac cagagacaac tgatctctac tgttatgagc 
aattaaatga cagctcagag gaggaggatg aaatagatgg tccagctgga caagcagaac cggacagagc ccattacaat 
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attgtaacct tttgttgcaa gtgtgactct acgcttcggt tgtgcgtaca aagcacacac gtagacattc gtactttgga 
agacctgtta atgggcacac taggaattgt gtgccccatc tgttctcaga aaccataa (SEQ ID N0:8); nucleotides 
562-858 of GENBANK Accession No. AF125673. 

DNA Vaccination: Gene gun particle-mediated DN A vaccination was 
5 performed using a helium-driven gene gun (Bio-Rad, Hercules, CA, according to the 

standard protocols. Briefly, DNA coated gold particles were prepared by combining 25 mg 
of 1.6 ^m gold microcarriers (Bio-rad, Hercules, CA) and 100 yd of 0.05 M spermidine 
(Sigma, St, Louis, MO). Plasmid DNA (50 \xg) and 1.0 M CaCl 2 (100 were added 
sequentially to the microcarriers while mixing by vortex. This mixture was allowed to 

10 precipitate at room temperature (RT) for 10 minutes. The microcarrier/DNA suspension was 
then centrifuged (10,000 r.p.m. for 5 sec) and washed 3 times in fresh absolute ethanol before 
resuspending in 3 ml of polyvinylpyrrolidone (0.1 mg/ml) (Bio-rad, Hercules, CA) in 
absolute ethanol. The solution was then loaded into tubing and allowed to settle for 4 min. 
The ethanol was gently removed and the microcarrier/DNA suspension was evenly attached 

15 to the inside surface of the tubing by rotating the tube. The tube was then dried by 0.4 liters 
per minute of flowing nitrogen gas. The dried tubing coated with microcarrier/DNA was 
then cut to 0.5 -inch cartridges and stored in a capped dry bottle at 4 DC. As a result, each 
cartridge contained 1 \i% of plasmid DNA and 0.5 mg of gold. The DNA coated gold 
particles (1 ^ig DNA/bullet) were delivered to the shaved abdominal region of the mice using 

20 a helium-driven gene gun (Bio-rad, Hercules, CA) with a discharge pressure of 400 p.s.i. 

ELISPOT Assay: A standard ELISPOT assay was used to detect HPV-16 E7- 
specific CD8+ T cell. The 96-well filtration plates (Millipore, Bedford, MA) were coated 
with 10 ng/ml rat anti-mouse IFN-y antibody (clone R4-6A2, Pharmingen, San Diego, CA) 
in 50 \il of phosphate-buffered saline (PBS). After overnight incubation at 4°C, the wells 

25 were washed and blocked with culture medium containing 10% fetal bovine serum. 

Different concentrations of fresh isolated spleen cells from each vaccinated mice group, 
starting from lxl 0 6 /well, were added to the well along with 15 U/ml interleukin-2. Cells 
were incubated at 37°C for 24 hours either with or without 1 |ag/ml E7 specific H-2D b CTL 
epitope (E7, residues 49-57; SEQ ID NO:5). After culture, the plate was washed and then 

30 the cells were incubated with 5 |ig/ml biotinylated IFN-y antibody (clone XMG1 .2, 

Pharmingen) in 50 \il in PBS at 4°C overnight. After washing six times, 1.25 ng/ml avidin- 
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alkaline phosphatase (Sigma, St. Louis, MO) in 50 |il PBS, were added and incubated for 2 
hours at room temperature. After washing, spots were developed by adding 50 |al BCIP/NBT 
solution (Boehringer Mannheim, Indianapolis, IN) and incubated at room temperature for 1 
hr. The spots were counted using a dissecting microscope. 

5 Intracytoplasmic Cytokine Staining and Flow Cytometry: Splenocytes from 

naive or vaccinated groups of mice were incubated either with the E7 peptide (residues 49- 
57; SEQ ID NO:5) that contains MHC class I epitope or the E7 peptide (residues 30-67; SEQ 
ID NO: 6) that contains MHC class II peptide. Methods of determining which residues of a 
protein or polypeptide represent a MHC class I antigenic epitope are well known in the art. 

10 The E7 peptide was added at a concentration of 2 (ig/ml for 20 hours. To detect E7-specific 
CD8 + T cell precursors and E7-specific CD4 + T helper cell responses, CD8* CTL epitopes 
residues 49-57 and residues 30-67 were used, respectively. Golgistop™ (Pharmigen, San 
Diego, CA) was added 6 hours before harvesting the cells from the culture. Cells were then 
washed once in FACSCAN buffer and stained with phycoerythrin (PE)-conjugated 

15 monoclonal rat anti-mouse CD8 or CD4 antibody (Pharmingen, San Diego, CA). Cells were 
subjected to intracellular cytokine staining using the Cytofix/Cytoperm™ kit according to the 
manufacturer's instructions (Pharmingen). FITC-conjugated anti-IFN-y or anti-IL-4 
antibodies and the immunoglobulin isotype control antibody (rat IgGl) were all purchased 
from Pharmingen. Analysis was done on a Becton-Dickenson FACScan™ with 

20 CELLQuest™ software (Becton Dickson Immunocytometry System, Mountain View, CA). 

ELISA for Cytokines: Splenocytes (4xl0 6 ) were harvested 2 weeks after the 
last vaccination and cultured with 10 (ig/ml E7 protein in a total volume of 2 ml of RPMI 
1640, supplemented with 10% (vol/vol) fetal bovine serum, 50 units/ml penicillin/ 
streptomycin, 2mM L-glutamine, ImM sodium pyruvate, 2mM nonessential amino acids in a 

25 24-well tissue culture plate for 72 hours. The supernatants were harvested and assayed for 
the presence of EFN-y and IL-4 using ELISA kits (Endogen) according to the manufacturer's 
protocol. 

Anti-E7 ELISA: The anti-HP V 16 E7 antibodies in the sera were determined 
by a standard direct ELISA. A 96 microwell plate was coated with 100 ^1 10 ng/ml bacteria- 
30 derived HPV-16 E7 proteins and incubated at 4°C overnight. The wells were then blocked 
with PBS containing 20% fetal bovine serum. Sera were prepared from the mice on day 14 
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post-immunization, serially diluted in PBS, added to the ELISA wells, and incubated on 37°C 
for 2 hr. After washing with PBS containing 0.05% Tween-20, the plate was incubated with 
1/2000 dilution of a peroxidase-conjugated rabbit anti-mouse IgG antibody (Zymed, San 
Francisco, CA) at room temperature for one hour. The plate was washed 6 times, developed 

5 with TMB (Pierce, Rockford, IL), and stopped with 1M H 2 S0 4 . The ELISA plate was read 
with a standard ELISA reader at 450 nm. 

Murine Tumor Cell Line: Murine tumor cell line TC-1 was grown and 
maintained using standard tissue culture methods. Growth of tumor cell lines and formation 
of tumors by transformed cells in mice is an art-recognized model of human cancer. HPV-16 

10 E6, E7 and ras oncogene were used to transform primary C57BL/6 mice lung epithelial cells. 
The cells were grown in RPMI 1640, supplemented with 10% (vol/vol) fetal bovine serum, 
50 units/ml penicillin/ streptomycin, 2mM L-glutamine, ImM sodium pyruvate, 2mM 
nonessential amino acids and 0.4 mg/ml G418 at 37DC with 5% CO2. On the day of tumor 
challenge, TC-1 cells were harvested by trypsinization, washed twice with IX Hanks 

15 buffered salt solution and finally resuspended in IX Hanks buffered salt solution to the 
designated concentration for injection. 

Mice: Six to eight-week-old male C57BL/6 mice were purchased from the 
National Cancer Institute (Frederick, Maryland). 

In Vivo Tumor Protection: Mice (5 per group) were vaccinated via gene gun 

20 with 2 jig of HSP DNA, E7 DNA, E7-HSP70 DN A, or the empty plasmid without insert. 
One week later, the mice were boosted with the same regimen as the first vaccination. 
Another set of mice (5 per group) was vaccinated once (without further booster). One week 
after the last vaccination, mice were subcutaneously challenged with 5xl0 4 cells/mouse TC-1 
tumor cells in the right leg and then monitored twice a week. 

25 In Vivo Tumor Treatment: The tumor cells and the DNA vaccines were 

prepared as described above. The mice were subcutaneously challenged with 2xl0 4 
cells/mouse TC-1 tumor cells in the right legs. Three days after challenge with TC-1 tumor 
cells, mice were given 2 of HSP DNA, E7 DNA, E7-HSP70 DNA, or the empty plasmid 
without insert via gene gun. One week later, these mice were boosted with the same regimen 

30 as the first vaccination. Another set of mice (5 per group) were vaccinated once without 
further booster after the tumor challenges. Mice were monitored twice a week. 
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In Vivo Antibody Depletion: In vivo antibody depletions were carried out 
using standard methods. C57BL/6 mice were vaccinated with 2 |ag E7-HSP70 DNA via gene 
gun, boosted one week later, and challenged with 5xl0 4 cells/mouse TC-1 tumor cells. 
Depletions were started one week prior to tumor challenge. A CD4-specific monoclonal 
5 antibody, e.g., MAb GK1 .5, was used for CD4 depletion; a CD8-specific antibody e.g., MAb 
2.43, was used for CD8 depletion, and an antibody which binds to NK cells, e.g., MAb 
PK1 36, was used for NK1 . 1 depletion. Flow cytometry analysis revealed that the greater 
than 95% of the appropriate lymphocytes subset were depleted with normal level of other 
subsets. Depletion was terminated on day 40 after tumor challenge. 

1 0 Vaccination with E7-HSP70 Fusion DNA Enhances E7 -Specific CD8 + T Cell- 

Mediated Immune Responses: CD8 + T lymphocytes are one of the most crucial components 
among antitumor effectors. To determine the E7-specific CD8 + T cell precursor frequencies 
generated by E7-HSP70 DNA vaccines, enzyme-linked immunospot (ELISPOT) assays and 
intracellular cytokine stains were used. Both ELISPOT assay and intracellular cytokine 

15 staining are sensitive functional assays used to measure IFN-y production at the single-cell 
level, which can thus be applied to quantify antigen-specific CD8 + T cells. As shown in Fig. 
1 A, 435 IFN-y spot-forming CD8 + T cells specific for the immunodominant Derestricted E7 
(49-57; SEQ ED NO:5) peptide were detected per 10 6 splenocytes derived from the E7- 
HSP70 DNA vaccinated mice, compared to only 14 E7(49-57)-specific IFN-y spot-forming 

20 CD8 + T cells/10 6 splenocytes derived from the E7 DNA vaccinated mice. Subtracting the 

background produced by the pcDNA-3 vector alone (3 spots/10 6 splenocytes) yielded 1 1 and 
432 E7 (49-57)-specific IFN-y spot-forming CD8+ T cells for the E7 and E7-HSP70 DNA 
vaccines, respectively. Similarly, the quantity of E7 (49-57)-specific CD8 + T cell precursors 
can also be determined by flow cytometry analysis using double staining for CD8 and 

25 intracellular IFN-y. Values from this assay (Fig. IB) correlated closely with the ELISPOT 
results presented in Fig. 1 A. As shown in Fig. IB, mice vaccinated with E7-HSP70 DNA 
generated the highest number of E7-specific IFN-y + CD8 + T cell precursors (around 726/1 0 6 
splenocytes) by flow cytometry analysis, whereas mice vaccinated with E7 DNA showed no 
signal above the vector-vaccinated controls. These data indicate that DNA encoding a MHC 

30 class I-restricted epitope of E7 operably linked to DNA encoding HSP70 or a fragment 

thereof led to at least a 30-fold increase in the E7-specific CD8 + T cell precursor frequencies.. 



43 



WO 01/29233 



PCT/US00/41422 



Vaccination with E7-HSP70 Fusion DNA does not Enhance E7-Specific CD4 + 
T Cell-Mediated Immune Responses: To determine E7-specific CD4 + T precursor cells and 
the cytokine profiles generated by E7-HSP70 DNA vaccines, double staining for CD4 
surface marker and intracellular IFN-y or IL-4 on splenocytes from immunized mice was 

5 carried out, followed by flow cytometry analysis. The splenocytes from immunized mice 

were cultured in vitro with E7 peptide (residues 30-67; SEQ ID NO:6) overnight and stained 
for both CD4 and intracellular IFN-y. The E7 peptide (residues 30-67; SEQ ID NO:6) 
contains a major T helper epitope in the E7 open reading frame protein of HPV-16. The 
percentage of IFN-y secreting CD4 + T cells was analyzed using flow cytometry. As shown 

10 in Fig. 2, mice vaccinated with E7-HSP70 DNA generated a similar number of CD4 + IFN-y + 
double positive cells compared to mice vaccinated with wild-type E7 DNA or vector alone. 
Mice vaccinated with E7 DNA mixed with HSP70 plasmid generated slightly higher CD4 + 
IFN-y + double positive cells, but there is no statistically significant difference in the CD4 + 
IFN-y + double positive cell numbers between each vaccinated group. 

15 As a positive control for the ability of CD4 vs. intracellular IFN-y staining to 

detect E7-specific CD4+ T cells, analysis of mice vaccinated with a DNA vaccine expressing 
Sig/E7/LAMP-1, which targets E7 to the MHC class II compartment, demonstrated a 3 fold 
increase in the CD4 + IFN-.y + double positive cells relative to mice vaccinated with E7 DNA 
or control plasmid. IL-4 secreting E7-specific CD4 + T cell in mice vaccinated with various 

20 DNA vaccines were also analyzed. No significant CD4 + IL-4 + double-positive cells could be 
identified in the mice that received E7-HSP70 DNA, E7 DNA mixed with HSP70 DNA, wild 
type E7 DNA, empty plasmid DNA, or no vaccination. MICK-2 IL-4 secreting cells 
(Pharmingen, San Diego, CA) were used as positive controls to ensure the success of 
intracytoplasmic IL-4 staining for this study. These data indicate that the DNA vaccines of 

25 the invention which contain DNA encoding all or part of a heat shock protein induce a CD8 + 
immune response to the epitope encoded by the vaccine independent of a CD4 + immune 
response. 

Vaccination with E7-HSP70 Fusion DNA dose not Generate E7-Specific 
Antibodies; The quantity of anti-HPV 16 E7 antibodies in the sera of the vaccinated mice 
30 was determined by a direct enzyme-linked immunoabsorbent assay (ELISA) 2 weeks after 
the last vaccination. No anti-E7 antibodies could be detected in the sera of mice of any 
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vaccinated group (Fig. 3). The commercial anti-E7 monoclonal antibody (Zymed, San 
Francisco, CA) and sera from mice vaccinated with vaccinia virus containing the 
Sig/E7/LAMP-1 chimera were used as positive controls to ensure the success of anti-E7 
ELISA for this study. This result is consistent with the complete absence of apparent E7- 
5 specific CD4 stimulation by either E7 DNA or E7-HSP70 DNA vaccines. 

Vaccination with E7-HSP70 Fusion DNA Enhances Protection Against the 
Growth of Tumors: To determine whether vaccination with the E7-HSP70 DNA construct 
protects mice against E7-expressing tumors, two in vivo tumor protection experiments were 
performed using different doses of DNA vaccines. For the first experiment, mice were 

10 vaccinated with 2 |xg naked DN A/mouse via gene gun and boosted with the same dose one 
week later. For the second experiment, mice were vaccinated with 2 jixg naked DNA/mouse 
via gene gun without further booster. The mice were then challenged with 5xl0 4 TC-1/ 
mouse subcutaneously in the right leg 7 days after the last vaccination. For the mice 
receiving vaccination with booster, 100% of those receiving E7-HSP70 DNA vaccination 

15 remained tumor-free 60 days after TC-1 challenge, while only 40% of mice receiving E7 

DNA (in the absence of HSP-encoding DNA) vaccination remained tumor-free. In contrast, 
all of the unvaccinated mice and mice receiving empty plasmid or HSP DNA developed 
tumor growth within 15 days after tumor challenge (Fig. 4A). For the mice receiving 
vaccination once without booster, 100% of those receiving E7-HSP70 DNA vaccination 

20 remained tumor-free 60 days after TC-1 challenge, whereas all of the unvaccinated mice and 
mice receiving empty plasmid, HSP70 DNA or E7 DNA developed tumor growth within 15 
days after tumor challenge (Fig. 4B). 

To determine whether the antitumor effect generated by E7-HSP70 DNA is 
long-lasting, these tumor free animals were rechallenged with the 5xl0 4 TC-1 cells/mouse 

25 subcutaneously in the left leg. No tumor growth was observed up to 30 days after tumor 

rechallenge (Figs. 4A-B). In summary, these results indicated that a DNA construct encoding 
a MHC class I-restricted antigenic epitope operably linked to DNA encoding a HSP 
polypeptide, e.g, E7-HSP70 fusion DNA, significantly enhances the antitumor immunity 
against the growth of a tumor which express the class I-restricted epitope, e.g., TC-1 tumors. 

30 The antitumor effect was observed even when tested under more stringent conditions (no 
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booster vaccine administered). The antitumor immunity generated by E7-HSP70 DNA 
construct was long lasting. 

Therapeutic Vaccination with E7-HSP70 Fusion DNA Cures Mice with 
Established E7-Expressing Tumors: To test the efficacy of DNA vaccines in eradicating 
5 established TC-1 tumors, in vivo tumor treatment experiments were performed using 
different doses of DNA vaccines. TC-1 cells were first injected into C57BL/6 mice 
subcutaneously at a dose of 2x1 0 4 cells per mouse in the right leg. Three days later, each 
mouse was treated with 2 |ig of either control plasmid DNA, HSP70 DNA, wild type E7 
DNA, or E7-HSP70 DNA intradermally via gene gun. For the first experiment, mice were 
10 boosted with the same vaccine dose 7 days after priming. For the second experiment, mice 
did not receive further booster after priming. As shown in Fig. 5A, for mice receiving 
boosted DNA vaccination, TC-1 tumor was eliminated from 80% of mice receiving the E7- 
HSP70 DNA vaccination, whereas all of the unvaccinated mice and mice receiving empty 
plasmid, HSP70 DNA or E7 DNA developed tumor growth within 20 days after tumor 

15 challenge. For the mice receiving vaccination once without booster, 60% of those receiving 

) 

E7-HSP70 DNA vaccination remained tumor-free 70 days after TC-1 challenge, whereas all 

,? 

of the unvaccinated mice and mice receiving empty plasmid, HSP70 DNA, or E7 DNA 

i 

developed tumor growth within 20 days after tumor challenge (Fig. 5B). In summary, these 
results showed that vaccination with wild-type E7 DNA (in the absence of DNA encoding an 

20 HSP polypeptide) failed to eradicate the previously-inoculated E7-expressing tumors in mice, 
while vaccination with DNA encoding E7 operably linked to DNA encoding an HSP 
polypeptide, e.g., E7-HSP70 DNA, eradicated the established E7-expressing tumors. These 
data indicated that E7-HSP70 DNA significantly enhanced antitumor immunity, and that the 
presence of DNA encoding an HSP polypeptide in a DNA vaccine construct enhances the 

25 antitumor immunity generated by the DNA vaccine compared to the level of immunity 
generated by a conventional DNA vaccine (i.e., one without DNA encoding an HSP 
polypeptide). 

Fusion of DNA encoding an antigenic epitope to HSP70-encoding sequences 
is Required for the Generation of Antitumor Immunity: To determine whether fusion of E7 to 
30 HSP70 was required for antitumor immunity, E7-HSP70 DNA was compared to E7-DNA 
mixed with HSP70 DNA and the ability to generate the antitumor immunity measured. To 
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ensure that both E7 DNA and HSP70 DNA were delivered into the same cell, the E7 DNA 
was mixed with HSP70 DNA before the bullet preparation. Thus, a single bullet would 
contain both E7 DNA and HSP70 DNA. Immunological assays and tumor protection 
experiments (without vaccination booster) were carried out as described above. The data 

5 indicated that only E7-HSP70 DNA enhanced the E7-specific CD8+ T cell-mediated immune 
responses. Mixing HSP70 DNA with E7 DNA did not enhance the CD8+ T cell-mediated 
immune responses. For the tumor protection experiment, all of the mice vaccinated with E7- 
HSP70 DNA remained tumor-free 60 days after tumor challenge. In contrast, all of the 
unvaccinated mice or mice vaccinated with E7 DNA mixed with HSP70 DNA developed 

10 tumor growth within 15 days after tumor challenge (Fig. 6). Fusion of E7 DNA to HSP70 
DNA was essential for the generation of antitumor immunity. These results indicate that 
DNA encoding a MHC class I-restricted antigenic epitope must be operably linked to DNA 
encoding an APC-binding epitope and/or DNA encoding a cytoplasmic translocation 
polypeptide. 

1 5 CDS* T Cells But Not CD4+ T cells or NK cells Are Essential for the 

Antitumor Effect Generated by DNA Vaccine with E7 Fused to HSP70: To determine the 
subset of lymphocytes that are important for the rejection of E7 -positive tumor cells, in vivo 
antibody depletion experiments were performed. The antibody depletion was started one 
week before the tumor challenge and terminated on day 40 after tumor challenge. As shown 

20 in Fig. 7, all naive mice and all of the mice depleted of CD8 + T cells grew tumors within 14 
days after tumor challenge. In contrast, all of the non-depleted mice and all of the mice 
depleted of CD4 + T cells or NK1.1 cells remained tumor-free 50 days after tumor challenge. 
These results indicate that DNA vaccine activated CD8 + T cells in a CD4-independent 
fashion, and that these CD8 + T cells are essential for the antitumor immunity generated by 

25 E7-HSP70 DNA vaccine. 

The role of HSP in stimulating CD8* T cells: While the invention is not 
limited by any particular mechanism, the HSP70 domain of the chimeric nucleic acid and 
DNA vaccines of the invention may be acting as a "chaperone" to the antigen, e.g., it may be 
a chaperone to move the antigenic peptide to the appropriate cell type to optimize induction 

30 of CD8 + T cells. Ballistic DNA delivery introduces DNA directly into dermal precursors. 
The E7-HSP70 DNA-transfected dendritic cells (DCs) expressed HSP70. HSP70 is a 
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cytosolic HSP that plays multiple roles in protein folding, transport, and degradation. It is 
involved in processing MHC class I restricted antigens. HSP fusion products encoded by the 
DNA vaccines thus may be targeted more efficiently for proteasomal processing. 

CD8 + T cells may be the key players in gene gun-mediated E7-HPS70 DNA 

5 vaccination. The data described herein showed that CD8 + T cells are required in the effector 
phase of antitumor immunity. In contrast, depletion of CD4 + or NK1 .1 + cells did not 
decrease the antitumor immunity generated by E7-HSP70 DNA. The finding is in contrast to 
approaches using protein-based HSP vaccines, which showed that CD4 + and CD8 + T cells 
and NK cells are required in the effector phases of antitumor immunity using gp96 

10 preparations from tumor cells. 

HSP complexes taken up by professional APC may be involved in introducing 
HSP-associated peptides into the MHC-I antigen presentation pathway. Only activated B 
cells and mononuclear cells may be taking up HSP70, while activated T cells may not be 
transporting HSP70. Though the receptor-mediated uptake of HSP is important for 

15 HSP/peptide complex protein vaccines, it is unlikely to play a role in the gene gun-mediated 
E7-HSP70 DNA vaccines. The recombinant E7-HSP70 fusion gene encoded by the DNA 
vaccine was sent directly into DCs via gene gun, bypassing the need for receptor-mediated 
endocytosis. Cross-priming of APCs may also occur because E7-HSP70 might be released 
from other cell types, such as keratinocytes (which were also transfected by gene gun 

20 vaccination), and then enter the DCs via receptor-mediated endocytosis. 

The requirement of the fusion of E7 to HSP70 suggests that E7 is becoming 
more immunogenic possibly because of the addition of HSP70 T cell epitopes. Vaccination 
with HSP70 DNA expands the pool of HSP70-reactive T cells that may exist in an individual 
(due to prior exposure to pathogens). These HSP70-reactive T cells may be exerting a strong 

25 helper effect reacting to conjugated peptides; this may have been the mechanisms that led to 
an increase in the E7-specific CD8+ T cell precursor frequency detected by ELISPOT assay 
and by intracellular cytokine staining observed in the mice vaccinated with E7-HSP70 fusion 
gene, but not in the mice vaccinated with E7 plasmid mixed with HSP70 plasmid. 

HSPs may directly activate T cells in vivo and in vitro via an antigen- 

30 independent mechanism. In the absence of antigenic peptides, HSP can induce the secretion 
of TNF-a and IFN-y of the antigen-specific CTL clones. Human HSP-60 can act as a danger 
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signal to the innate immune system and can induce a T helper 1 (TH1) proinflammatory 
response. However, a significant increase in the numbers of E7-specific CD4+ T cells was 
not observed in mice vaccinated with HSP70 DNA alone or E7 plasmid mixed with HSP70 
plasmids. y8 T cells stimulated by the HSP component of the DNA vaccine may also 
5 participate in the antitumor effect generated by E7-HSP70 DNA vaccines. 

While E7-HSP70 generates potent CD8+ T cell responses through enhanced 
MHC class I presentation, other constructs that target antigen to MHC class II presentation 
pathways may provide enhanced CD4+ T cell responses. Administration of vaccines that 
directly enhance MHC class I and class II restricted pathways may be co-administered. For 

10 example, a DNA construct in which the second DNA encodes a LAMP-1 endosomal/ 

lysosomal targeting signal for enhancing the MHC class II presentation pathway of E7, e.g., 
chimeric Sig/E7/LAMP-1 DNA vaccine can be co-administered with the nucleic acids and 
vaccines of the invention to stimulate antigen-specific CD4 + T cells. The E7-HSP70 vaccine 
described herein in conjunction with a MHC class II-targeting vaccine such as 

15 Sig/E7/LAMP-1 may activate multiple arms of the immune system in a synergistic fashion, 
leading to significantly enhanced CD4-f and CD8+ T cell responses and potent antitumor 
effects. 

These results demonstrate that an exemplary chimeric nucleic acid 'of the 
invention (a DNA fusion construct encoding a HSP70 and HPV-16 E7 fusion protein), in the 

20 form of a DNA vaccine administered by ballistics, can generate stronger E7-specific CD8+ T 
cell-mediated immune responses and antitumor effects against HPV-16 E7-expressing 
murine tumors than by DNA vaccines encoding the antigen E7 alone. These data therefore 
demonstrate that fusion of HSP70 sequences (and, as described herein, fusion of the carboxy- 
terminal HSP domain) to an antigen gene (or fragment thereof) greatly enhances the potency 

25 of DNA vaccines. This strategy is applicable to the prevention and treatment of pathologies, 
e.g., infectious diseases, and to tumors and cancer systems, particularly those with known 
tumor-specific antigens. 

Example 2: Enhancement of DNA Vaccine Potency by Linkage of DNA Sequence 
Encoding GM-CSF and Translocation Domain of a Pseudomonas 
30 Exotoxin A to an Antigen Gene 
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The following example describes studies that demonstrate that the 
compositions and methods of the invention are effective for enhancing antigen-specific 
cytotoxic T lymphocyte (CTL) responses and treating tumors in vivo. 

A chimeric nucleic acid encoding an immunogenic "fusion protein" 
5 composition was constructed, wherein the DNA encoded a GM-CSF (or a fragment thereof) 
domain (operably linked) to an antigen-encoding sequence. While the invention is not 
limited by any particular mechanism, the resulting fusion protein may have enhanced 
targeting of the antigen contained therein to cells expressing GM-CSF receptors, such as 
professional APCs and their precursors. The presence of DNA encoding an ETA 

10 polypeptide, e.g, domain II of Pseudomonas exotoxin A (ETA(dll) (SEQ ID NO:3), may 
mediate translocation of the antigen from endosomal/lysosomal compartments to the 
cytoplasm to enhance MHC class I presentation. 

A DNA chimera (GM-ETA(dII)-E7) was made by fusing DNA sequences 
encoding GM-CSF and ETA(dll) to the gene of a model antigen, E7. An art-recognized 

15 mouse model of human cancer was used to evaluate the immunogenicity and anti-tumor 

activity elicited by the construct. Immunization of mice using the GM-ETA(dII)-E7 chimera 
DNA vaccine enhanced E7-specific CD8+ and CD4+ T cell immune responses and effective 
anti-tumor protection and treatment against an E7-expressing murine tumor cell line (TC-1) 
through intramuscular or intradermal injection. This dramatic anti-tumor effect was not 

20 observed in DNA vaccines encoding other constructs, particularly GM-E7, ETA(dII)-E7, or 
GM-ETA(dll). The DNA vaccination strategy described herein is useful for antigen specific 
immunotherapy for cancers and infection by pathogenic microorganisms. 

Improvement of MHC class I presentation of exogenous antigen is a strategy 
for enhancing DNA vaccine potency that may be tested using domain II of Pseudomonas 

25 exotoxin A (ETA(dll)): ETA is a toxin derived from the bacterium Pseudomonas aeruginosa 
that blocks protein synthesis. Domain II, or ETA(dll), allows translocation from 
endosomal/lysosomal compartments to the cytoplasm, which leads to enhancement of MHC 
class I presentation of exogenous antigen. Since domain I is responsible for LDL-binding 
and domain III has the toxic capability of binding with ADP-ribosyl transferase, these 

30 unwanted portions of ETA are replaced or deleted. The data described below was generated 
using the DNA chimera (GM-ETA(dII)-E7). HPV-16 E7 was used as the model antigen 
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because it is a clinically relevant an oncogenic protein that is widely expressed and well- 
characterized in HPV-associated malignancies. GM-CSF DNA can be incorporated into 
various APCs, inducing enhancement of dendritic cell (DC) maturation. By linkage with 
antigen, GM-CSF may also enhance targeting of the antigen to cells expressing GM-CSF 
receptor (GM-CSF-R), such as professional APCs and their precursors. ETA(dll) linked with 
antigen in a DNA form may be able to translocate antigen from the endosomal/lysosomal 
compartment to the cytoplasm, leading to enhanced MHC class I presentation. Vaccination 
with a chimeric DNA construct designed according to the GM-ETA(dII)-E7 example provide 
the necessary potency for activation of both MHC class I and II-restricted pathways, leading 
to enhanced E7-specific immune responses and anti-tumor effects. 

The following materials and methods were used to generate the data described 

below. 

Plasmid DNA Constructs and Preparation: DNA fragment encoding murine GM- 
CSF was obtained by PCR with 5'end primer , 5'-GGGGAGATCTGGATGTGGCTGCAG 
AATTTA-3' (SEQ ID NO:l 1) and 3'end primer (EcoRI), 5'- GGGAGAATTCTTTTGG 
ACTGGTTTTTTGC AT-3 ' (SEQ ID NO: 12). cDNA generated from GM-CSF-transduced 
B-16 melanoma cell was used as temple for PCR. 

Table 5: Amino acid sequence of Mouse GM-CSF 
MWLQNLLFLGIVVYSLSAPTRSPITVTRPWKHVEAIKEALNLLD 
DMPVTLNEEVEVVSNEFSFKXLTCVQTRLKJFEQ 

YC PPTPETDCETQVTTYADFIDSLKTFLTDIPFECKKPVQK (SEQ ID NO:l); 
GENBANK Accession No. X02333. 

Table 6: cDN A sequence of Mouse GM-CSF 
gagctcagca agcgctctcc cccaattccc ttagccaaag tggacgccac cgaacagaca 61 

gacctaggct aagaggtttg atgtctctgg ctacccgact ttgaaaattt tccgcaaagg 121 

aaggcctttt gactacaatg gcccacgaga gaaaggctaa ggtcctgagg aggatgtggc 181 

tgcagaattt acttttcctg ggcattgtgg tctacagcct ctcagcaccc acccgctcac 241 

ccatcactgt cacccggcct tggaagcatg tagaggccat caaagaagcc ctgaacctcc 301 

tggatgacat gcctgtcaca ttgaatgaag aggtagaagt cgtctctaac gagttctcct 361 

tcaagaagct aacatgtgtg cagacccgcc tgaagatatt cgagcagggt ctacggggca 421 
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atttcaccaa actcaagggc gccttgaaca tgacagccag ctactaccag acatactgcc 481 

ccccaactcc ggaaacggac tgtgaaacac aagttaccac ctatgcggat ttcatagaca 541 

gccttaaaac ctttctgact gatatcccct ttgaatgcaa aaaaccagtc caaaaatgag 601 

gaagcccagg ccagctctga atccagcttc tcagactgct gcttttgtgc ctgcgtaatg 661 

agccaggaac tcggaatttc tgccttaaag ggaccaagag atgtggcaca gccacagttg 721 

gagggcagta tagccctctg aaaacgctga ctcagcttgg acagcggcaa gacaaacgag 781 

agatattttc tactgatagg gaccattata tttatttata tatttatatt ttttaaatat 841 

ttatttattt atttatttaa ttttgcaact ctatttattg agaatgtctt accagataat 901 

aaattattaa aacttt (SEQ ID N0:2); GENBANK Accession No. X05906; "atg" start site 
underlined. 

The amplified products were subsequently cloned into Bglll and EcoRI sites 
of pSP73 vector (Promega) to generate pSP73-GM. The same strategy was employed to 
make a DNA construct using human GM-CSF sequences (GENBANK Accession Ml 1220). 
Alternatively, the first DNA encodes all or an APC-binding fragment of Flt-3 ligand (FL), 
CTLA-4, 4- IBB, CD40 ligand, or TNF receptor. The amino acid sequences and nucleotide 
sequences of these proteins are readily available to those skilled in the art. Determining 
whether a give polypeptide or protein fragment binds to an antigen presenting cell (APC) 
(e.g., a macrophage or DC) is also well known in the art. For example, the polypeptide (as 
well as a control polypeptide known not to bind to an APC) is labeled with a detectable 
marker and incubated with an APC. After the cells are washed, detection of the label on or in 
APC's (compared to the control) indicates that the polypeptide has an APC binding domain 
or sequence. 

The DNA fragment containing the domain II of ETA was generated using PCR 
with 5' end primer, 5 ' -GGGAG AATTCTCGCCTGTC ACTTTCCCGAG-3 ' (SEQ ID 
NO:13) and 3' end primer, 5 □ -GGAAGGATCC AGTTCTGCGTGCCGCGGG-3 ' (SEQ ID 
NO:14). 
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Table 7: Amino acid sequence of ETA 
MHLIPHWIPLVASLGLLAGGSSASA AEEAFDLWNECAKACVLDL 
KDGVRSSRMSVDPAIADTNGQGVLHYSMVLEGGNDALKLAIDNALSITSDGLTIRLEG 
GVEPNKPVRYSYTRQARGSWSLNWLVPIGHEKPSNIKVFIHELNAGNQLSHMSPIYTI 
EMGDELLAKLARDATFFVRAHESNEMQPTLAISHAGVSVVMAQTQPRREKRWSEWASG 
KVLCLLDPLDGVYNYLAQQRCNLDDTWEGK1YRVLAGNPAKHDLD1KPTVISH RLHFP > 
EGGSLAALTAHQACHLPLETFTRHROPRGWEOLEQCGYPVQRLVALYLAARLSWNOVD 
OVIRNALASPGSGGDLGEAIREOPEOARLALTLAAAESERFVRQGTGNDEAGAANADV 
VSLTCPVA AGECAGPADSGDALLERNYPTGAEFLGDGGDVSFSTRGTONW TVERLLQA 
HRQLEERGYVFVGYHGTFLEAAQSIVFGGVRARSQDLDAIWRGFYIAGDPALAYGYAQ 
DQEPDARGRIRNGALLRVYVPRSSLPGFYRTSLTLAAPEAAGEVERLIGHPLPLRLDA 
ITGPEEEGGRLETILGWPLAERTVVIPSAIPTDPRNVGGDLDPSSIPDKEQAISALPD 
YASQPGKPPREDLK (SEQ ID NO:3); GENBANK Accession No. KOI 397 M23348; residues 
1-25 = signal peptide; start of mature peptide underlined "A"; translocation domain spans 
residues 247-417. 

Table 8: cDNA encoding ETA 
ctgcagctgg tcaggccgtt tccgcaacgc ttgaagtcct ggccgatata ccggcagggc 61 
cagccatcgt tcgacgaata aagccacctc agccatgatg ccctttccat ccccagcgga 121 
accccgacat ggacgccaaa gccctgctcc tcggcagcct ctgcctggcc gccccattcg 1 8 1 
ccgacgcggc gacgctcgac aatgctctct ccgcctgcct cgccgcccgg ctcggtgcac 241 
cgcacacggc ggagggccag ttgcacctgc cactcaccct tgaggcccgg cgctccaccg 301 
gcgaatgcgg ctgtacctcg gcgctggtgc gatatcggct gctggccagg ggcgccagcg 361 
ccgacagcct cgtgcttcaa gagggctgct cgatagtcgc caggacacgc cgcgcacgct 421 
gaccctggcg gcggacgccg gcttggcgag cggccgcgaa ctggtcgtca ccctgggttg 481 
tcaggcgcct gactgacagg ccgggctgcc accaccaggc cgagatggac gccctgcatg 541 
tatcctccga tcggcaagcc tcccgttcgc acattcacca ctctgcaatc cagttcataa 601 
atcccataaa agccctcttc cgctccccgc cagcctcccc gcatcccgca ccctagacgc 661 
cccgccgctc tccgccggct cgcccgacaa gaaaaaccaa ccgctcgatc agcctcatcc 721 
ttcacccatc acaggagcca tcgcgatgca cctgataccc cattggatcc ccctggtcgc 781 
cagcctcggc ctgctcgccg gcggctcgtc cgcgtccgcc gccgaggaag ccttcgacct 841 
ctggaacgaa tgcgccaaag cctgcgtgct cgacctcaag gacggcgtgc gttccagccg 901 
catgagcgtc gacccggcca tcgccgacac caacggccag ggcgtgctgc actactccat 961 
ggtcctggag ggcggcaacg acgcgctcaa gctggccatc gacaacgccc tcagcatcac 1021 
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agcgacggc ctgaccatcc gcctcgaagg cggcgtcgag ccgaacaagc cggtgcgcta 1081 
cagctacacg cgccaggcgc gcggcagttg gtcgctgaac tggctggtac cgatcggcca 1141 
gagaagccc tcgaacatca aggtgttcat ccacgaactg aacgccggca accagctcag 1201 

ccacatgtcg ccgatctaca ccatcgagat gggcgacgag ttgctggcga agctggcgcg 1261 
cgatgccacc ttcttcgtca gggcgcacga gagcaacgag atgcagccga cgctcgccat 1321 
cagccatgcc ggggtcagcg tggtcatggc ccagacccag ccgcgccggg aaaagcgctg 1381 
agcgaatgg gccagcggca aggtgttgtg cctgctcgac ccgctggacg gggtctacaa 1441 
ctacctcgcc cagcaacgct gcaacctcga cgatacctgg gaaggcaaga tctaccgggt 1501 
gctcgccggc aacccggcga agcatgacct ggacatcaaa cccacggtca tcagtcatcg 1561 
cctgcacttt cccgagggcg gcagcctggc cgcgctgacc gcgcaccagg cttgccacct 1621 
gccgctggag actttcaccc gtcatcgcca gccgcgcggc tgggaacaac tggagcagtg 1681 
cggctatccg gtgcagcggc tggtcgccct ctacctggcg gcgcggctgt cgtggaacca 1741 
ggtcgaccag gtgatccgca acgccctggc cagccccggc agcggcggcg acctgggcga 1801 
gcgatccgc gagcagccgg agcaggcccg tctggccctg accctggccg ccgccgagag 1861 
cgagcgcttc gtccggcagg gcaccggcaa cgacgaggcc ggcgcggcca acgccgacgt 1921 
gtgagcctg acctgcccgg tcgccgccgg tgaatgcgcg ggcccggcgg acagcggcga 1981 
cgccctgctg gagcgcaact atcccactgg cgcggagttc ctcggcgacg gcggcgacgt 2041 

cagcttcagc acccgcggca cgcagaactg gacggtggag cggctgctcc aggcgcaccg 2101 
caactggag gagcgcggct atgtgttcgt cggctaccac ggcaccttcc tcgaagcggc 2161 
gcaaagcatc gtcttcggcg gggtgcgcgc gcgcagccag gacctcgacg cgatctggcg 2221 
cggtttctat atcgccggcg atccggcgct ggcctacggc tacgcccagg accaggaacc 2281 
cgacgcacgc ggccggatcc gcaacggtgc cctgctgcgg gtctatgtgc cgcgctcgag 2341 
ctgccgggc ttctaccgca ccagcctgac cctggccgcg ccggaggcgg cgggcgaggt 2401 
cgaacggctg atcggccatc cgctgccgct gcgcctggac gccatcaccg gccccgagga 2461 
gaaggcggg cgcctggaga ccattctcgg ctggccgctg gccgagcgca ccgtggtgat 2521 
tccctcggcg atccccaccg acccgcgcaa cgtcggcggc gacctcgacc cgtccagcat 2581 
cccgacaag gaacaggcga tcagcgccct gccggactac gccagccagc ccggcaaacc 2641 
gccgcgcgag gacctgaagt aactgccgcg accggccggc tcccttcgca ggagccggcc 2701 
tctcggggc ctggccatac atcaggtttt cctgatgcca gcccaatcga atatgaattc 
(SEQ ID NO:4); GENBANK Accession No. K01397 M23348. 
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The amplified products were subsequently cloned into EcoRI and BamHI sites 
of pSP73-GM to generate pSP73-GM-ETA(dII). The DNA fragment containing HPV-16 E7 
was synthesized by PCR with 5' end primer, 5 ' -GGGAGGATCCTC ATGC ATGG AGATAC 
ACCT-3' (SEQ ID NO: 15) and 3' end primer, 5 '-GGGGAAGCTTATCCTGAGAACAGA 
TGGGG-3' (SEQ ID NO: 16), The plasmid pCMVneoBamHI-E7 was used as temple for the 
PCR reaction. The amplified products were further cloned into BamHI and Hindlll sites of 
pSP73-GM-ETA(dH) to generate pSP73-GM-ETA(dII)-E7. The sequence of GM-ETA(dll)- 
E7 was confirmed by DNA sequencing. The pcDNA3.1-GM-ETA(dII)-E7 was obtained by 
digesting pSP73-GM-ETA(dII)-E7 with Bglll and Hindll restriction enzymes and cloned the 
isolated GM-ETA(dII)-E7 fragment into the unique BamHI and Hindm cloning sites of the 
pcDNA3.1(-) expression vector (Invitrogen, Carlsbad, CA) downstream of the cytomegalo- 
virus promoter. The pcDNA3.1-GM-ETA(dII) was generated by digesting pSP73-GM- 
ETA(dII)-E7 with Bglll and BamHI restriction enzymes and cloned the isolated GM- 
ETA(dll) fragment into the unique BamHI cloning site of the pcDNA3.1(-). The pcDNA3.1- 
ETA(dII)-E7 was obtained by digesting pSP73-GM-ETA(dII)-E7 with EcoRI and Hindlll 
restriction enzymes and cloned the isolated ETA(dII)-E7 fragment into the unique EcoRI and 
Hindlll cloning sites of the pcDNA3.1(-). The pcDNA3.1-GM was generated by digesting 
pSP73-GM-ETA(dII)-E7 with Bglll and BamHI restriction enzymes and cloned the isolated 
murine GM-CSF fragment into the unique BamHI cloning site of the pcDNA3.1(-). The 
pcDNA3.1-ETA(dII) was obtained by digesting pSP73-GM-ETA(dII)-E7 with EcoRI and 
BamHI restriction enzymes and cloned the isolated ETA(dll) fragment into the unique EcoRI 
and BamHI cloning sites of the pcDNA3.1(-). The pcDNA3.1-E7 was generated by 
digesting pSP73-GM-ETA(dII)-E7 with BamHI and Hindlll restriction enzymes and cloned 
the isolated E7 fragment into the unique BamHI and Hindlll cloning sites of the pcDNA3. 1 
(-). For the generation of pcDNA3.1-GM-E7, The E7 fragment was synthesized by PCR 
with a 5' end primer, 5 '-CCC AGATCTAATC ATGC ATG -3' (SEQ ID NO:17) and 3' end 
primer, 5 '-GGGGAAGCTTATCCTGAGAACAGATGGGG-3 5 (SEQ ID NO: 18). The 
amplified E7 products were digested with Bglll and Hindlll and further cloned into BamHI 
and Hindlll sites of pSP73-GM. The GM-E7 fragment was isolated from pSP73-GM-E7 by 
digestion with Bglll and Hindlll and cloned into the unique BamHI and Hindll sites of 
pcDNA3.1(-). 
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The accuracy of these constructs was confirmed by DNA sequencing. Plasmid 
DNA with GM, ETA(dll), E7, GM-ETA(dll), ETA(DII)-E7 , GM-E7 or GM-ETA(DII)-E7 
gene insert and the "empty" plasmid vector were transfected into subcloning efficient 
DH5(TM cells (Life Technologies, USA). The DNA was then amplified and purified using 
double CsCl purification (BioServe Biotechnologies, Laurel, Maryland). The integrity of 
plasmid DNA and the absence of Escherichia coli DNA or RNA were checked in each 
preparation using 1% agarose gel electrophoresis. DNA concentration was determined by 
the optical density measured at 260 nm. The presence of the inserted E7 fragment was 
confirmed by restriction enzyme digestion and gel electrophoresis. 

DNA Vaccination: Gene gun particle-mediated DNA vaccination was 
performed using a helium-driven gene gun (Bio-Rad, Hercules, CA) according to standard 
protocols and as described above. 

Intracytoplasmic Cytokine Staining and Flow Cytometry: Splenocytes from 
naive or vaccinated groups of mice were incubated either with the E7 peptide (residues 49- 
57; SEQ ID NO:5) that contains MHC class I epitope or the E7 peptide (residues 30-67) that 
contains MHC class II peptide. The E7 peptide was added at a concentration of 2 ^g/ml for 
20 hours. To detect E7-specific CD8 + T cell precursors and E7-specific CD4 + T helper cell 
responses, CD8 + CTL epitopes residues 49-57 and residues 30-67 were used, respectively. 
Golgistop (Pharmigen, San Diego, CA) was added 6 hours before harvesting the cells from 
the culture. Cells were then washed once in FACSCAN buffer and stained with 
phycoerythrin (PE)-conjugated monoclonal rat anti-mouse CD8 or CD4 antibody 
(Pharmingen, San Diego, CA). Cells were subjected to intracellular cytokine staining using 
the Cytofix/Cytoperm kit according to the manufacturer's instructions (Pharmingen). FITC- 
conjugated anti-IFN-y or anti-IL-4 antibodies and the immunoglobulin isotype control 
antibody (rat IgGl) were all purchased from Pharmingen. Analysis was done on a Becton- 
Dickenson FACScan with CELLQuest software (Becton Dickson Immunocytometry System, 
Mountain View, CA). 

Mice and Murine Tumor Cells: Mice and the production and maintenance of 
tumor cells such as TC-1 cells is described above in Example 1. 

In Vivo Tumor Protection: For the tumor protection experiment, mice (5 per 
group) were vaccinated via gene gun with 2 \ig of plasmid DNA with GM, ETA(dll), E7, 
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GM-ETA(dll), ETA(DII)-E7 , GM-E7 or GM-ETA(DII)-E7 gene insert and the □ empty □ 
plasmid vector. One week later, the mice were boosted with the same regimen as the first 
vaccination. Another set of mice (5 per group) were vaccinated once (without further 
booster). One week after the last vaccination, mice were subcutaneously challenged with 
5 5xl0 4 cells/mouse TC-1 tumor cells in the right leg and then monitored twice a week. 

In Vivo Antibody Depletion: Methods for in vivo antibody depletions are 
described above. Briefly, C57BL/6 mice were vaccinated with 2 ng GM-ETADII-E7 DNA 
via gene gun, boosted one week later, and challenged with 5 x 10 4 cells/mouse TC-1 tumor 
cells. Depletions were started one week prior to tumor challenge. MAb GK1.5 was used for 

10 CD4 depletion, MAb 2.43 was used for CD8 depletion, and MAb PK136 was used for NK1.1 
depletion. Flow cytometry analysis revealed that the greater than 95% of the appropriate 
lymphocytes subset were depleted with normal level of other subsets. Depletion was 
terminated on day 40 after tumor challenge. 

Generation and Characterization of GM-ETA(dII)-E7 Fusion DNA Vaccine: 

1 5 A schematic diagram showing constructs of GM-ETA(dII)-E7, GM-ETA(dll), ETA(dII)-E7, 
GM-E7, GM-CSF, ETA(dll), and E7 is demonstrated in Fig. 8. 

Vaccination with GM-ETA(dII)-E7 Fusion DNA Enhances E7 -Specific CD8 + T 
Cell-Mediated Immune Responses: CD8 + T lymphocytes are one of the most crucial 
components among antitumor effectors. To determine the E7-specific CD8 + T cell precursor 

20 frequencies generated by GM-ETA(DII)-E7 DNA vaccines, intracellular cytokine stains were 
used. The quantity of E7(49-57)-specific CD8+ T cell precursors was determined by flow 
cytometry analysis using double staining for CD8 and intracellular IFN-y. Values from this 
assay correlated closely with the ELISPOT results presented. As shown in Fig. 9, mice 
vaccinated with GM-ETA(dII)-E7 DNA generated the highest number of E7-specific IFN-y + 

25 CD8 + T cell precursors by flow cytometry analysis, whereas mice vaccinated with E7, GM- 
CSF, ETA (dll), GM-ETA(dll), GM-E7, or ETA-E7 DNA showed no signal above the 
vector-vaccinated controls. 

Vaccination with GM-ETA(dII)-E7 Fusion DNA also Enhances E7 -Specific 
CD4* T Cell-Mediated Immune Responses: To determine E7-specific CD4 + T precursor cells 

30 and the cytokine profiles generated by GM-ETA(dII)-E7 DNA vaccines, double staining was 
performed for CD4 surface marker and intracellular IFN-y on splenocytes from immunized 
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mice, followed by flow cytometry analysis. The splenocytes from immunized mice were 
cultured in vitro with E7 peptide (residues 30-67 of SEQ ID NO:7) overnight and stained for 
both CD4 and intracellular IFN-y. The E7 peptide (residues 30-67 of SEQ ID NO:7) 
contains a major T helper epitope in the E7 open reading frame protein of HP V- 16. Methods 
5 for determining T helper cell epitopes within the polypeptide sequence of a protein or peptide 
are well known in the art. 

The percentage of IFN-y secreting CD4 + T cells was analyzed using flow 
cytometry. As shown in Fig. 10, mice vaccinated with GM-ETA(dII)-E7 DNA generated the 
greater number of CD4 + IFN-y + double positive cells compared to mice vaccinated with E7 

10 DNA, GM-CSF, ETA (dll), GM-ETA(dll), ETA-E7 DNA or vector alone. Mice vaccinated . 
with GM-ETA(dII)-E7 DNA generated similar level of E7-specific CD4 + IFN-y + double 
positive cells. These results indicate GM-CSF plays an important role in enhancing IFN-y 
secreting E7-specific CD4 + T cells in vaccinated mice. These results also demonstrate that 
DNA vaccines containing GM-CSF-coding sequence operably linked to DNA encoding a 

15 target antigen are more potent than those which contain antigen-encoding sequences alone. 

Vaccination with GM-ETA(dII)-E7 Fusion DNA Enhances Protection of Mice 
Against the Growth ofTC-1 Tumors: To determine whether vaccination with the GM- 
ETA(DII)-E7 DNA construct protects mice against E7-expressing tumors, in vivo tumor 
protection experiments were performed using various DNA vaccines. Mice were vaccinated 

20 with 2 jig naked DNA/mouse via gene gun and boosted with the same dose one week later. 
The mice were then challenged with 5 x 10 4 TC-1 /mouse subcutaneously in the right leg 7 
days after the last vaccination. 100% of those mice receiving GM-ETA(DII)-E7 DNA 
vaccination remained tumor-free 30 days after TC-1 challenge, while all of the unvaccinated 
mice and mice receiving E7, GM-CSF, ETA (dll), GM-ETA(dll), GM-E7, ETA-E7 DNA or 

25 empty plasmid developed tumor growth within 1 5 days after tumor challenge (Fig. 11). To 
determine whether the antitumor effect generated by GM-ETA(DII)-E7 DNA is long-lasting, 
these tumor free animals were re-challenged with the 5 x 10 4 TC-1 cells/mouse 
subcutaneously in the left leg. No tumor growth was observed up to 30 days after tumor re- 
challenge. These results indicated that GM-ETA(DII)-E7 fusion DNA significantly enhances 

30 the antitumor immunity against the growth of TC-1 tumors and that the antitumor immunity 
generated by GM-ETA(DII)-E7 DNA is long lasting. 
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CD8 + T Cells Are Essential for the Antitumor Effect Generated by GM- 
ETA(dII)-E7 DNA Vaccine: To determine the subset of lymphocytes that are important for 
the rejection of E7-positive tumor cells, in vivo antibody depletion experiments were carried 
out. The antibody depletion was started one week before the tumor challenge and terminated 
5 on the day indicated in Fig. 12 after tumor challenge. As shown in Fig. 12, all naive mice 
and all of the mice depleted of CD8 + T cells grew tumors within 14 days after tumor 
challenge. In contrast, all of the non-depleted mice and all of the mice depleted of CD4+ T 
cells or NK1.1 cells remained tumor-free days after tumor challenge. These results indicate 
that CD8 + T cells are essential for the antitumor immunity generated by GM-ETAdII-E7 
10 DNA vaccine. 

The data described herein demonstrate that a chimeric nucleic acid of the 
invention, a DNA construct, encoding a chimeric polypeptide with an APC-binding domain, 
a cytoplasmic translocation domain, and an antigenic epitope, induces a potent immune 
response specific for the encoded antigenic epitope. In a mouse tumor, the results showed 

15 that fusion of the GM-CSF (GM) gene, the ETA(dll) gene, and the HPV-16 E7 gene in a 
chimera generated enhanced E7-specific CD8+ and CD4+ T cell-mediated immune 
responses and antitumor effects against HPV-16 E7-expressing murine tumors. 

Immunization of mice using the GM-ETA(dII)-E7 chimera was capable of 
mediating E7-specific immune responses and effective anti-tumor protection and treatment 

20 against an E7-expressing murine tumor cell line (TC-1) through intramuscular or intradermal 
injection. This dramatic anti-tumor effect was not observed in DNA vaccines encoding other 
constructs, particularly GM-E7, ETA(dII)-E7, or GM-ETA(dll). Furthermore, greater CD8+ 
and CD4+ T cell responses were observed in mice receiving GM-ETA(dII)-E7 than in mice 
receiving other constructs. These results indicated that the GM-ETA(dII)-E7 chimeric DNA 

25 represents a novel strategy for enhancing the cell mediated response for a selected antigen, 
e.g., a tumor antigen in cancer immunotherapy, or, an antigen against a pathogen for treating 
or preventing pathology associated with that pathogen. The results also demonstrate that the 
components of the vaccine are important in the generation of potent E7-specific immune 
responses and anti-tumor effects. 

30 The results indicated that the GM-CSF gene was an important component in 

GM-ETA(dII)-E7 fusion protein, demonstrated by the comparison of GM-ETA(dII)-E7 and 
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ETA(dII)-E7 DNA constructs. The ETA(dII)-E7 construct lacked the GM-CSF component 
of GM-ETA(dII)-E7, which may account for the lack of enhanced E7-specific CD8+ or ! 
CD4+ T cell-mediated immune responses and anti-tumor effects. • 
GM-CSF induces production of granulocytes and APCs and acts as an J 
5 immunostimulatory signal to dendritic cells (DCs). Furthermore, GM-CSF targets £ 
professional APCs and promotes their differentiation, since APCs possess the GM-CSF 
receptor. While the invention is not limited by any particular mechanism, the GM-ETA(dll)- 
E7 fusion protein may be inducing changes in MHC and co-stimulatory molecule expression 
on DCs and other APCs due to the presence of the GM-CSF domain, resulting in enhanced 

10 humoral and cell-mediated immune responses that were not observed in ETA(dII)-E7. These 

observations indicated that the immune-enhancing effect of the GM-CSF domain on dendritic j 
cells is a crucial component to the generation of immune responses and an anti-tumor effect 
by the GM-ETA(dII)-E7 fusion protein. 

While the invention is not limited by any particular mechanism, the antigen- 

1 5 specific immunotherapy approach of the invention may be targeting the surface molecules of 
DCs, which allows antigen to be directed into DCs for processing and presentation. Other 
polypeptides that can be used as the APC-binding component of the immunogenic 
composition include Flt-3 ligand (FL), CD40 ligand, TNFa, and 41BB. DNAs encoding 
such polypeptides are useful as the first DNA component of the immunogenic composition or 

20 DNA vaccine of the invention. FH3 ligand (FU3-1 or FL) may by augmenting the function 
and quantity of dendritic cells in vivo. Flt3 (fms-like tyrosine kinase 3) is a murine tyrosine 
kinase receptor known in the art, and Flt3 has been used to identified and subsequently clone 
the corresponding ligand, Flt3-L (Hannum et al., 1994, Nature. 368: 643-648; Maraskovsky 
et al., J. of Experimental Med., (1996) 184:1953-1962; 199638). CD40 ligand (CD154) is 

25 also useful; it may be enhancing vaccine potency because of its effect on DCs. TNF-a 
represents another strategy for enhancing vaccine potency; TNF-a may be promoting the 
migration of DCs to lymphoid tissues and differentiation and development of Langerhans 
cells. Another strategy for enhancing vaccine potency is the use of 4-1BBL, a cytokine of 
the tumor necrosis factor family that binds to 4-1BB (CD137). 4-1BBL expression on DCs 

30 followed by interaction with 4- IBB provides secondary costimulatory signals to T cells for 
initiating proliferation, independent of signaling through the CD28 receptor. These strategies 
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for enhancing vaccine potency employ DC surface molecules in a manner similar to GM- 
CSF in GM-ETA(dII)-E7, allowing for targeting of antigen to DCs and consequent induction 
of DC differentiation and enhancement of antigen processing and presentation. 

Diptheria, Clostridium, Botulinum (tetanus), Bacillus, Yersinia, Vibrio 
cholerae (cholera) or Bordetella pertussis toxins represent bacteria-derived molecules that 
may have therapeutic applications. Such molecules may function in a manner similar to that 
of the ETA domain in the fusion polypeptides encoded by the DNA vaccines of the 
invention. These domains may cause enhancement of MHC class I presentation through 
translocation of antigen from the endosomal/lysosomal compartment to the cytosol 
(particularly if the toxic domain of the gene encoding the toxin is mutated or deleted). 

Determining whether a give polypeptide or protein fragment has cytoplasmic 
translocation activity, and thus is within the scope of the invention as a domain within the 
fusion proteins of the invention, is determined as follows. Anthrax toxin lethal factor (LF) 
has been shown to translocate foreign proteins into the cytosol of eukaryotic cells, 
resembling the mechanism of Diphtheria toxin. Yersiniae cytotoxins YopE and YopH are 
useful as translocation domains and for internalization of antigens across the host cell 
membrane into the cytosol of macrophages. Bordetella pertussis adenylate toxin (CyaA) 
translocates directly through the cell membrane to the cytosol, thus enhancing MHC class I 
antigen handling. Thus, the strategies for enhancing vaccine potency employed by the fusion 
proteins and vaccines of the invention (e.g., the ETA(dll) domain in the GM-ETA(dII)-E7 
fusion protein) may be similar to the biological mechanism of the translocation domains of 
these bacterial toxins. These domains may be allowing antigen to escape from the 
endosomal/lysosomal compartments to the cytosol, resulting in enhancement of MHC class I 
presentation. 

Example 3: Enhancement of DNA Vaccine Potency by Linkage of DNA Encoding the 
Translocation Domain of Pseudomonas Exotoxin A to an Antigen Gene 

The following example describes studies that demonstrate that the 
compositions and methods of the invention are effective for enhancing antigen-specific 
cytotoxic T lymphocyte (CTL) responses and treating tumors in vivo. 

While the invention is not limited by any particular mechanism, a DNA 
vaccine encoding a fusion protein comprising an ETA domain and the HPV-16 E7 antigen 



61 



WO 01/29233 



PCT7US00/41422 



may lead to the distribution of E7 to a greater number of antigen presenting cells (APCs) than 
a vaccine without ETA-encoding sequences, particularly for nucleic acid administered 
intradermally via gene gun. The polypeptide domain ETA(dll) may be releasing protein for 
uptake by other cells. 

5 Immunological assays revealed that vaccination with E7 fused to ETA(dll) led 

to a 30-fold increase in E7-specific CD8+ T cell precursor frequencies with no significant 
E7-specific CD4 or antibody enhancement. In vitro studies indicated that cells transfected 
with ETA(dII)-E7 DNA presented E7 antigen through the MHC class I pathway in a more 
efficient manner than cells transfected with wild-type E7 DNA. Furthermore, bone 

10 marrow-derived dendritic cells pulsed with ETA fusion protein presented E7 antigen through 
the MHC class I pathway in a more efficient manner than dendritic cells pulsed with 
wild-type E7 protein. The surprising enhancement of CD8+ T cell-mediated immunity led to 
potent subcutaneous tumor protection and treatment of lung metastases. These data suggest 
that the compositions and methods of the invention may be enhancing antigen-specific DNA 

15 vaccine potency by increasing the spread of expressed antigen. For example, administering 
DNA vaccines encoding ETA-antigen fusion proteins or chimeras may be increasing the 
intracellular spread the antigen expressed in the fusion protein (relative to similar DNA 
vaccines encoding polypeptides comprising antigen but lacking the ETA domain). 

Example 4: Enhancement of DNA Vaccine Potency bv Linkage of Antigen-Encoding 
20 Sequences to a FL (Flt-3 Ligand) Sequences 

The following example describes studies that demonstrate that the 
compositions and methods of the invention are effective for enhancing antigen-specific 
cytotoxic T lymphocyte (CTL) responses and treating tumors in vivo. 

Flt3-ligand (FL) is an important cytokine in the generation of professional 
25 antigen presenting cells, particularly dendritic cells. While the invention is not limited by 
any particular mechanism, a recombinant molecule in which an Flt3 ligand domain is linked 
to an antigen to which immunity is desired (a fusion protein comprising FL and an antigen) 
may be targeting the antigen to APCs, such as dendritic cells. 

Using HPV-16 E7 as an antigen, the effect of Flt3-ligand (FL)-antigen 
30 constructs (Fig. 19) on the potency of antigen-specific immunity generated by naked DNA 
vaccines was evaluated. Residues 1-189 of SEQ ID NO:25 are FL-derived, and residues 
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190-287 are E7-derived ("Z" in position 288 of SEQ ID NO:25 indicates a stop). DNA 
constructs encoding FL-E7 fusion polypeptides were administered intradermally via gene 
gun. Vaccines containing chimeric FL/E7 fusion genes were found to dramatically increase 
the frequency of E7-specific CD8+ T cells relative to vaccines containing the wild-type E7 
5 gene in the absence of FL-encoding sequences. 

In vitro studies indicated that cells transfected with FL/E7 DNA presented E7 
antigen through the MHC class I pathway in a more efficient manner than cells transfected 
with wild-type E7 DNA. Furthermore, bone marrow-derived dendritic cells pulsed with 
FL/E7 fusion protein presented E7 antigen through the MHC class I pathway in a more 

10 efficient manner than dendritic cells pulsed with wild-type E7 protein. More importantly, 
this fusion converted a less effective vaccine into one with significant potency against 
established E7-expressing metastatic tumors. Interestingly, FL/E7 fusion vaccines mainly 
targeted CD8+ T cells and antitumor effects were completely CD4-independent. These data 
indicated that fusion of Flt3-ligand DNA to an antigen-encoding enhances the potency of 

1 5 DNA vaccines via CD8-dependent pathways. 

Example 5: Domains of HSP70 that Confer Enhancement of Antigen-Specific 
Immune Reponses 

The following example describes studies that demonstrate that the chimeric 
nucleic acid of the invention encoding a chimeric polypeptide comprising a first polypeptide 
20 domain comprising a carboxy terminal fragment of a heat shock protein (HSP) is effective 
for enhancing antigen-specific cytotoxic T lymphocyte (CTL) responses and treating tumors 
in vivo. 

The domain structure of Mycobacterium tuberculosis HSP70 was determined. 
At least three functional domains were identified: an ATPase domain (containing residues 1- 

25 356 of SEQ ID NO:9), substrate binding domain (SD; containing residues 357-516 of SEQ 

ID NO:9) and a carboxyterminal domain (CD; containing residues 517-625 of SEQ ID NO:9) 
(Fig. 1 6). The contribution of each domain of this HSP70 on the potency of naked DNA 
vaccines was determined. DNA encoding each domain was linked in frame, i.e., operably 
linked, to DNA encoding the papillomavirus antigen E7. E7-specific CD8 T cell immune 

30 responses were measured. 
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A standard gene gun DNA delivery method was used to vaccinate C57BL/6 
mice intradermal^ with DNA vaccines containing (i) HSP70 gene; (ii) wild-type HPV-16 E7 
gene; (iii) HPV-16 E7 gene fused to the ATPase domain of HSP70 (E7-ATP); (iv), HPV-16 
E7 gene fused to the substrate binding domain (SD) of HSP70 (E7-SD); or (v) IIPV-16 E7 
5 gene fused to the cytoplasmic domain (CD) of HSP70 (E7-CD). All of the chimeric E7/heat 
shock protein constructs were cloned into the multiple cloning sites of the pcDNA3.1(-) 
expression vector downstream of the cytomegalovirus promoter (Fig. 1 7). The in vivo 
antitumor immune responses were analyzed by intracellular cytokine staining using 
E7-specific MHC class I peptide (RAHYNIVTF; amino acids 49-57 of SEQ ID NO:7) to 

10 assess the E7-specific CD8+T cell-mediated immunity. 

Figure 18A is a representative FASCAN showing E7-specific CD8 + T cell 
precursor frequencies. Splenocytes from vaccinated mice were cultured in vitro with the E7 
peptide (amino acids 49-57 of SEQ ID NO:7) overnight and were stained for both CD8 
expression and intracellular IFN-y. The number of IFN-y secreting CD8+ T cell precursors 

15 in mice immunized with various DNA constructs (E7-HSP70, E7-ATP, E7-SD, E7-CD, or E7 
alone) was analyzed using flow cytometry. Mice vaccinated with E7-HSP70 DNA generated 
the highest number of E7-specific CD8+ precursors. E7-CD generated the second highest 
quantity of E7-specific CD8+ precursors, comparable to E7-HSP70 alone (and greater than 
E7-SD, E7-ATP, and wild-type E7). 

20 Mean number of IFN-y-producing E7-specific CD8+ T cells is shown in 

Figure 1 8B. The number of cells was determined by flow cytometry in the presence (solid 
bars) and absence (open bars) of the E7 antigen peptide (residues 49-57 of SEQ ID NO:7). 
The data was expressed as mean number of CD8+ IFN-y+ cells/3xl0 5 splenocytes + SEM. 
The results indicate that when incorporated into a DNA vaccine construct, DNA encoding a 

25 cytoplasmic domain of HSP70 increases the potency of the DNA vaccine in generating 

immunity to the target antigen encoded by the vaccine. Moreover, the cytoplasmic domain 
accounts for most of the enhancement of antigen specific MHC class I restricted CD8+ T cell 
immune responses in DNA vaccines that contain full length HSP70. 

For example, vaccination with E7 fused to full length HSP70 led to a 30-fold 

30 increase in E7-specific CD8+T cell precursor frequencies (approximately 365 per 3xl0 5 
splenocytes) (Figs. 18A-B). Vaccination with E7 fused to the ATP domain of HSP70 
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generated slightly increased E7-specific CD8+T cell precursor frequencies (approximately 58 
per 3x10 s ) splenocytes). Similarly, vaccination with E7 fused to the SD domain of HSP70 
generated approximately 85 E7-specific CD8+T cell precursors per 3xl0 5 splenocytes. In 
contrast, vaccination with E7 fused to the CD domain of HSP70 generated approximately 
5 296 E7-specific CD8+T cell precursors per 3xl0 5 splenocytes, an amount similar to that 
obtained from mice vaccinated with E7 fused to full length HSP70. These results indicated 
the CD domain of HSP70 confers most of the enhanced antigen-specific MHC class I 
restricted CD8+T cell immune responses in DNA vaccines. 

These data demonstrate that DNA encoding a fusion of full-length HSP70 or 

1 0 the CD domain of HSP70 (in the absence of DNA encoding other portions of HSP70) to an 
antigenic peptide (e.g., HPV-16 E7) greatly enhances antigen-specific CD8+T cell immune 
responses to the antigen. The enhancement of immune responses was observed in constructs 
which lacked more N-terminal sequences in the region of the ATPase domain (e.g., residues 
161-370 of SEQ ID NO:9) which were thought to be important in stimulating a CTL 

15 response. The data indicate that DNA vaccines containing constructs encoding the CD 
domain of HSP, even in the absence of other HSP sequences, enhanced antigen-specific 
MHC class I restricted CD8+T cell immune responses to a target antigen encoded by the 
DNA vaccine. 

Example 6: Administration of self-replicating RNA viruses expressing the fusion 
20 proteins of the invention enhance generation of an antigen-specific 

cytotoxic T lymphocyte (CTL) responses 

In one embodiment, the invention provides a self-replicating RNA replicon 
that can express a chimeric protein of the invention: a protein that comprises a first 
polypeptide domain comprising a heat shock polypeptide and a second polypeptide domain 

25 comprising at least one antigenic peptide. The following example describes studies that 
demonstrate that, using the methods of the invention, these constructs are effective for 
enhancing antigen-specific cytotoxic T lymphocyte (CTL) responses in vivo. As a model 
system, a fusion protein comprising HPV-16 E7 and Mycobacterium tuberculosis HSP70 was 
expressed in vivo in a Sindbis virus self-replicating RNA vector, SINrepS. The potency of 

30 antigen-specific immunity generated by this vector was determined. These results also 
demonstrate that fusion proteins comprising a heat shock polypeptide and an antigenic 
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peptide expressed in vivo in a Sindbis virus self-replicating RNA vector are effective for 
enhancing antigen-specific CTL responses in vivo. 

These experiments demonstrated that an RNA replicon vaccine containing 
E7/HSP70 fusion genes generated significantly higher E7-specific T cell-mediated immune 
5 responses than vaccines containing the wild type E7 gene in vaccinated mice. Furthermore, 
in vitro studies demonstrated that E7 antigen from E7/HSP70 RNA replicon-transfected 
apoptotic cells can be taken up by bone marrow-derived dendritic cells and presented more 
efficiently through the MHC class I pathway than wild-type E7 RNA replicon-transfected 
apoptotic cells. More importantly, the fusion of HSP70 to E7 converted a less effective 

10 vaccine into one with significant potency against E7-expressing tumors. This antitumor 

effect was dependent on NK cells and CD8 + T cells. These results indicated that fusion of 
HSP70 to an antigen gene greatly enhanced the potency of self-replicating RNA vaccines. 
These results demonstrated that a Sindbis RNA vaccine linking E7 with HSP70 dramatically 
increased expansion and activation of E7-specific CD8+ T cells and NK cells, completely 

15 bypassing the CD4 arm and resulting in potent anti-tumor immunity against E7-expressing 
tumors. 

The mechanism of Sindbis RNA vaccine to promote the anti-tumor effect was 
further investigated. It was found that the Sindbis E7/HSP70 RNA vaccine could induce 
apoptotic death of host cells and promote dendritic cells to phagocytose these cells, 
20 dramatically increasing the expansion and activation of E7-specific CD8+ T cells. This 
enhanced CD8 response resulted in potent anti-tumor immunity against an E7-expressing 
tumor cell line. 

HPV-16 E7 was chosen as a model antigen for vaccine development because 
HPVs, particularly HPV-16, are associated with most cervical cancers, as discussed above. 

25 Plasmid DNA Constructs and Preparation: The vectors pcDNA3-HSP70, 

pcDNA3-E7, and pcDNA3-E7/HSP70 were made as described by Chen (2000) supra. The 
Sindbis virus RNA replicon vector, SINrepS has been described by, e.g., Bredenbeek (1993) 
J. Virol. 67:6439-6446. Vectors SINrep5-HSP70, SINrep5-E7, and SINrep5-E7/HSP70 were 
made by isolating DNA fragments encoding Mycobacterium tuberculosis HSP70, HPV-16 

30 E7 and chimeric E7/HSP70 by cutting pcDNA3-HSP70, pcDNA3-E7, and pcDNA3- 

E7/HSP70, respectively, with Xba I and Pme I restriction enzymes. Digested products were 
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isolated using gels. These isolated DNA fragments were further cloned into the 
corresponding XabI and Pml I sites of the SINrep5 vector to generate SINrep5-HSP70, 
SINrep5-E7, and SINrep5-E7/HSP70 constructs. The accuracy of these constructs was 
confirmed by DNA sequencing. 
5 In Vitro RNA Preparation: The generation of RNA transcripts from SINrepS- 

HSP70, SINrep5-E7, SINrep5-E7/HSP70 and SINrep5 was performed using the protocol 
described by Mandl (1998) Nature Med 4: 1438-1440. Spel was used to linearize DNA 
templates for the synthesis of RNA replicons from SINrep5-HSP70, SINrep5-E7, SINrepS-' 
E7/HSP70 and SINrep5. RNA vaccines were transcribed in vitro and capped using SP6 

10 RNA polymerase and capping analog from a standard in vitro transcription kit (Life 

Technologies, Rockville, MD) according to vendor's manual. After synthesis, DNA was 
removed by digestion with DNase I. Synthesized RNA was quantified and analyzed using 
denaturing formaldehyde agarose gels (see, e.g., Mandl (1998) supra). The purified RNA 
was divided into aliquots to be used for vaccination in animals and for transfection of a 

15 BHK21 cell line. The protein expression of the transcripts was assessed by transfection of 
the RNA into BHK21 cells using electroporation. 

Cell Lines: Baby hamster kidney (BHK21) cells were obtained from the 
ATCC (Rockville, MD) and grown in Glasgow MEM supplemented with 5% FBS, 10% 
tryptose phosphate broth, 2 mM glutamine, and antibiotics. Cells were keptat37°C in a 

20 humidified 5% C02 atmosphere and were passaged every 2 days. The production and 

maintenance of TC-1 cells was done as described by Lin (1996) Cancer Res. 56:21-26. On 
the day of tumor challenge, TC-1 cells were harvested by trypsinization, washed twice with 
IX Hanks buffered salt solution (HBSS), and finally resuspended in IX HBSS to the 
designated concentration for injection. 

25 ELISA for E7 Protein Expression of SINrepS RNA vaccines: The expression 

of E7 protein from SINrep5-E7 and SINrep5-E7/HSP70 RNA was determined by an indirect 
ELISA method. The quantity of E7 protein was determined using cell lysates from SINSrep- 
E7 or -E7/HSP70 transfected BHK21 cells. Briefly, ten million BHK21 cells were transfected 
with the 4 jig SINrepS, SINrep5-E7, SINrep5-HSP70 or SINrep5-E7/HSP70 RNA transcripts 

30 respectively via electroporation as described by Liljestrom (1991) J. Virol. 65:4107-41 1 3. 

The transfected BHK21 cells were collected 16-20 hrs after electroporation. A 96-microwell 
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plate was coated BHK 21 cell lysates that were transfected with various SINrep5 RNAs in a 
final volume of 100 \xl 9 and were incubated at 4 °C overnight. The bacteria-derived HPV-16 
E7 proteins were used as a positive control. The wells were then blocked with PBS 
containing 20% fetal bovine serum. Diluted anti-E7 Ab (Zymed, San Francisco, CA) were 
added to the ELISA wells, and incubated on 37 °C for 2 hr. After washing with PBS 
containing 0.05% Tween-20, the plate was incubated with 1/2000 dilution of a peroxidase- 
conjugated rabbit anti-mouse IgG antibody (Zymed, San Francisco, CA) at room temperature 
(RT) for one hour. The plate was washed, developed with 1-Step™ Turbo TMB-ELISA 
(Pierce, Rockford, IL), and stopped with 1M H 2 S0 4 . The ELISA plate was read with a 
standard ELISA reader at 450 nm. The quantity of E7 protein of the cell lysates was then 
calculated and determined by comparing with the standardized E7 protein. 

Mice: 6 to 8-week-old female C57BL/6 mice from the National Cancer 
Institute (Frederick, MD) were purchased and kept in the oncology animal facility of the 
Johns Hopkins Hospital (Baltimore, MD). All animal procedures were performed according 
to approved protocols and in accordance with recommendations for the proper use and care 
of laboratory animals. 

RNA Vaccination: All SINrepS RNA vaccines were generated using in vitro 
transcription as described above. RNA concentration was determined by optical density 
measured at 260 nm. The integrity and quantity of RNA transcripts were further checked 
using denaturing gel electrophoresis. Mice were vaccinated intramuscularly with 10 fig of 
various SINrep5 RNAs in the right hind leg except for SINrep5-E7/HSP70, which was 
administered in 0.1, 1, and 10 ^g quantities. 

ELISA for E7 Antibodies: Anti-HPV 16 E7 antibodies in the sera were 
determined by a direct ELISA as described by Wu (1995) Proc. Natl. Acad. Sci. USA 
92 : 1 1 67 1 - 1 1 65 . A 96-micro well plate was coated with 1 00 jil 5 |xg/ml bacteria-derived 
HPV-16 E7 proteins and incubated at 4 °C overnight. The wells were then blocked with PBS 
containing 20% fetal bovine serum. Sera were prepared from mice on day 14 post- 
immunization, serially diluted in PBS, added to the ELISA wells, and incubated on 37 °C for 
2 hr. After washing with PBS containing 0.05% Tween-20, the plate was incubated with 
1/2000 dilution of a peroxidase-conjugated rabbit anti-mouse IgG antibody (Zymed, San 
Francisco, CA) at RT for one hour. The plate was washed, developed with 1-Step™ Turbo 
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TMB-ELISA (Pierce, Rockford, IL), and stopped with 1M H 2 S0 4 . The ELISA plate was 
read with a standard ELISA reader at 450 nm. 

Enzyme-Linked Immunoabsorbent Assay (ELISA) for INF-y: Splenocytes 
were harvested 2 weeks after vaccination and cultured with the E7 peptide (aa 49-57) 
containing MHC class I epitope (see, e.g., Feltkamp (1993) Eur. J. Immunol. 23:2242-2249) 
or the E7 peptide (aa 30-67) containing MHC class II peptide (see, e.g., Tindle (1991) Proc. 
Natl. Acad. Sci. USA 88:5887-5891), in a total volume of 2 ml of RPMI 1640, supplemented 
with 10% (vol/vol) fetal bovine serum, 50 units/ml penicillin and streptomycin, 2 mM L- 
glutamine, 1 mM sodium pyruvate, 2 mM nonessential amino acids in a 24-well tissue 
culture plate for 6 days. The supernatants were harvested and assayed for the presence of 
IFN-y using ELISA kits (Endogen, Woburn, MA) according to the manufacturer's protocol. 

Cytotoxic T Lymphocyte (CTL) Assays: CTL assays were performed in 96- 
well round-bottom plates as described by Corr (1999) J. Immunol. 163:4721-4727. Cytolysis 
was determined by quantitative measurements of lactate dehydrogenase (LDH) (see, e.g., 
Corr (1 999) supra). Splenocytes were harvested 2 weeks after RNA vaccination and cultured 
with the E7 peptide (aa 49-57) in a total volume of 2 ml of RPMI 1640, supplemented with 
10% (vol/vol) fetal bovine serum, 50 units/ml penicillin/ streptomycin, 2mM L-glutamine, 
ImM sodium pyruvate, 2mM nonessential amino acids in a 24-well tissue culture plate for 6 
days as effector cells. TC-1 tumor cells were used as target cells. The TC-1 cells mixed with 
splenocytes at various effector/target (E/T) ratios. After 5 hr incubation at 37°C, 50|j.l of the 
cultured media were collected to assess the amount of LDH in the cultured media according 
to the manufacturer's protocol of the CytoTox™ assay kits (Promega, Madison, WI). The 
percentage of lysis was calculated from the following equation: 100 X (A-B)/(C-D), where A 
is the reading of experimental-effector signal value, B is the effector spontaneous background 
signal value, C is maximum signal value from target cells, D is the target spontaneous 
background signal value. 

Intracytoplasmic Cytokine Staining and Flow Cytometry Analysis: 
Splenocytes from naive or vaccinated groups of mice were incubated with the E7 peptide (aa 
30-67) that contains MHC class II peptide (Tindle (1999) supra) for detecting E7-specific 
CD4 + T helper cell precursors. The E7 peptide was added at a concentration of 10 ^g/ml for 
20 hours. Golgistop™ (PharMingen, San Diego, CA) was added 6 hours before harvesting 
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the cells from the culture. Cells were then washed once in FACScan™ buffer and stained 
with phycoerythrin (PE)-conjugated monoclonal rat anti-mouse CD4 antibody (PharMingen, 
San Diego, CA). Cells were subjected to intracellular cytokine staining using the 
Cytofix/Cytoperm™ kit according to the manufacturer's instructions (PharMingen). FITC- 
5 conjugated anti-IFN-y antibody and the immunoglobulin isotype control antibody (rat IgGl) 
were all purchased from PharMingen. Analysis was done on a Becton Dickinson 
FACScan™ with CELLQuest™ software (Becton Dickinson Immunocytometry System, 
Mountain View, CA). 

In Vivo Tumor Protection Experiments: For the tumor protection experiment, 

10 mice (5 per group) were immunized intramuscularly (IM) with different doses of SINrep5- 
HSP70, SINrep5-E7, SINrep5-E7/HSP70 5 and empty SINrepS RNA vaccines. 14 days after 
immunization, mice were injected intravenously (IV) with lx 10 4 cells/mouse TC-1 tumor 
cells in the tail vein. Three weeks later, mice were euthanized. The lung weight and number 
of pulmonary nodules in each mouse was evaluated and counted by experimenters in a 

15 blinded fashion. 

In Vivo Antibody Depletion Experiments: The procedure for in vivo antibody 
depletion has been described previously by, e.g., Lin (1996) supra; Wu (1995) J. Exp. Med. 
1 82 : 1 4 1 5- 1 42 1 . In brief, mice were vaccinated with 1 self-replicating SINrepS- 
E7/HSP70 RNA intramuscularly and challenged with lx 10 4 cells/mouse TC-1 tumor cells 

20 via tail vein injection. Depletions were started one week prior to tumor challenge. MAb 
GK1.5 (Dialynas (1983) J. Immunol. 131:2445) was used for CD4 depletion, MAb 2.43 
Sarmiento (1980) J. Immunol. 125:2665) was used for CD8 depletion, and MAb PK136 (Koo 
(1986) J. Immunol. 137:3742) was used for NK1.1 depletion. Flow cytometry analysis 
revealed that >95% of the appropriate lymphocytes subset were depleted with a normal level 

25 of other subsets. Depletion was terminated on day 21 after tumor challenge. 

Cell Surface Marker Staining and Flow Cytometry Analysis: Splenocytes 
removed from naive or vaccinated groups of mice were immediately treated with cell surface 
marker staining as described by Ji (1999) Human Gene Therapy 10:2727-2740. Cells were 
then washed once in FACSCAN™ buffer and stained with PE-conjugated monoclonal rat 

30 anti-mouse NK1 . 1 antibody and FITC-conjugated monoclonal rat anti-mouse CD3 antibody 
(Pharmingen, San Diego, CA). The population of NK cells was stained with anti-NKl . 1 
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antibody and not stained with anti-CD3 antibody. The percentages of NK cells in mice 
immunized with various self-replicating RNA vaccines was analyzed using flow cytometry. 

Generation and Culture of Dendritic Cells (DCs) from Bone Marrow: DCs 
were generated by culture of bone marrow cells in the presence of GM-CSF as described by 

5 Lu (2000) J. Exp. Med. 1 91 :541-550. Briefly, bone marrow was collected from the tibias of 
mice. Erythrocytes were lysed, and the remaining cells were passed through a nylon mesh to 
remove small pieces of bone and debris. The cells were collected and lxlO 6 cells/ml were 
placed in 24-well plates in RMPI 1640, supplemented with 5% FCS, 2mM p- 
mercaptoethanol, 1% non-essential amino acids, 100 U/ml penicillin and 100 ng/ml 

10 streptomycin (Life Technologies, Rockville, MD), and 100 U/ml GM-CSF (PharMingen, San 
Diego, CA). Two-thirds of the medium was replaced every 2 days, and non-adherent cells 
were harvested on day 7. The collected cells were characterized by flow cytometry analysis 
(FACS) for DC markers. 

Generation of E7 -Specific CD8 + T Cell Lines: Generation of E7-specfic 

15 CD8+ cell lines was done by immunizing female C57BL/6 (H-2b) mice by intraperitoneal 

(IP) injection of Sig/E7/LAMP-1 vaccinia. Splenocytes were harvested on day 8. For initial 
in vitro stimulation, splenocytes were pulsed with IL-2 at a concentration of 20 U/ml and 1 
jaM E7 peptide (amino acids 49-57) for 6 days. Propagation of the E7-specific CTL cell line 
was performed in 24-well plates by mixing (2 ml/well) lxlO 6 splenocytes containing E7- 

20 specific CTLs with 3xl0 6 irradiated splenocytes and pulsing them with IL-2 at a 

concentration of 20 U/ml and 1 (iM E7 peptide (amino acids 49-57). This procedure was 
repeated every 6 days. The specificity of the E7 CTL line was characterized by the CTL 
assay. Flow cytometry was performed to demonstrate the expression of the CD8 marker. 

In Vitro Cell Death Analysis: Ten million BHK21 cells were transfected with 

25 4 |ag SINrepS, SINrep5-E7, SINrep5-HSP70 or SINrep5-E7/HSP70 RNA transcripts as 
mentioned earlier. Native BHK21 cells or BHK21 cells that were electroporated without 
SDMrep5 RNA were used as controls. BHK21 cells were collected and assessed every 24 hr, 
until hour 72. The percentages of apoptotic and necrotic BHK21 cells were analyzed using 
annexin V apoptosis detection kits (PharMingen, San Diego, C A) according to the 

30 manufacturer's protocol, followed by flow cytometry analysis. 
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CTL Assay Using DCs Pulsed with Apoptotis Cells as Target Cells: CTL 
assays using DCs pulsed with apoptosis cells as target cells were performed using a protocol 
similar to that described by Albert (1998) Nature 392:86-89; Albert (1998) J. Exp. Med. 
188:1359-1368; with modification. Briefly, 10 million BHK21 cells were transfected with 4 
5 |xg of various self-replicating SINrep5 RNAs via electroporation. BHK21 cells were 

collected 16-20 hr after electroporation. The levels of E7 protein expression in BHK21 cells 
transfected with SINrep5-E7, or SINrep5-E7/HSP70 RNA transcripts were similar, as 
determined by ELISA. 3xl0 5 transfected BHK21 cells were then co-incubated with IxlO 5 of 
bone marrow-derived DCs at 37 °C for 48 hr. These prepared DCs were then used as target 

10 cells and the Db-restricted E7-specific CD8 + T cells were used as the effector cells. CTL 

assays were performed with effector cells and targets cells (IxlO 4 per well) mixed together at 
various ratios (1:1, 3:1, 9:1, and 27:1) in a final volume of 200 |il. After 5 h incubation at 
37°C, 50 \i\ of the cultured media were collected to assess the amount of LDH in the cultured 
media as described above. DCs co-incubated with untransfected BHK21 cells, transfected 

15 BHK21 cells alone, untreated DCs alone, and CD8 + T cell line alone were included as 
negative controls. 

Construction and Characterization of Self replicating RNA Constructs: 
Generation of plasmid DNA constructs and subsequent preparation of self-replicating 
SINrepS RNA constructs was performed as described above. The SINrep5 vector contains 

20 the genes encoding Sindbis virus RNA replicase and the SP6 promoter (see, e.g., Bredenbeek 
(1993) supra). The schematic diagram of SINrep5, SINrep5-HSP70, SINrep5-E7, SINrepS- 
E7/HSP70 DNA constructs was shown in Figure 20A. In addition, the schematic diagram of 
RNA transcript derived from these DNA constructs using SP6 RNA polymerase was shown 
in Figure 20B. A methylated M 7 G "cap" is located at the 5' end of the mRNA, followed by a 

25 ' sequence responsible for the self-replication (replicase), the gene of interest (i.e., an MHC 
class I peptide epitope, an E7, an HSP70, an E7/HSP70, or the like), and a polyadenylated 
tail (AAAA). An ELISA was performed to demonstrate the expression of E7 protein by 
BHK21 cells transfected with the various self-replicating RNA constructs. SINrep5-E7 and 
SINrep5-E7/HSP70 expressed similar amounts of E7 protein. 

30 Vaccination with Self replicating SINrep5-E7/HSP70 RNA Enhances an E7- 

Specific Cytotoxic Immune Response: CD8 + T lymphocytes are one of the most crucial 
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effectors for inducing anti-tumor immunity. To determine the quantity of E7-specific CD8 + T 
cell responses generated by the SINrep5-E7/HSP70 RNA vaccine, CTL assays were used. 
Mice were immunized with various SINrepS self-replicating RNA vaccines via intramuscular 
injection. Splenocytes and serum samples were collected after 14 days. To perform the 
cytotoxicity assay, splenocytes from the various self-replicating SINrepS RNA vaccines were 
cultured with E7 peptide (aa 49-57) containing MHC class I epitope for 6 days as effector 
cells. TC-1 tumor cells were as target cells. The TC-1 cells mixed with splenocytes at 
various E/T (effector/target ratio). Cytolysis was determined by quantitative measurements 
of LDH. CTL assays shown- here are from one representative experiment of two performed. 

The self-replicating RNA E7/HSP70 vaccine generated significantly higher 
percentage of specific lysis as compared with the other RNA vaccines (*: PO.001, one-way 
ANOVA). The self-replicating SINrepS -E7/HSP70 generated a significantly higher 
percentage of specific lysis compared to mice vaccinated with the other SINrep5 RNA 
vaccines (PO.001, one-way ANOVA). The ability of SINrep5-E7/HSP70 RNA to generate 
specific lysis was found to be approximately 4 times that of self-replicating SINrep5-E7 
RNA (32.7% versus 8.8%, E/T ratio 45/1, PO.001). 

Vaccination with Self-replicating SINrep5-E7/HSP70 RNA Enhances E7- 
specific CD8 + T cells to Secrete High Levels of INF-y : To determine the extent of the 
immunological response of E7-specific CD8 + T cells generated by self-replicating SINrep5- 
E7/HSP70 RNA, an ELISA was used to detect the concentration of INF-y in the supernatant 
of cultured splenocytes. Mice were immunized with various self-replicating RNA vaccines 
via intramuscular injection. Splenocytes and serum samples were collected after 14 days. 
Splenocytes from the various self-replicating RNA vaccines were cultured in vitro with E7 
peptide (aa 49-57) containing the MHC class I epitope (or without any peptide) for 6 days. 
As a negative control, an ELISA was also performed without peptide. Supernatants in the 
culture medium were collected to detect the INF-y concentration using an ELISA. 

Splenocytes from the self-replicating E7/HSP70 RNA group stimulated with 
E7 peptide (aa 49-57) secreted the highest concentration of INF- y compared to the other 
RNA vaccines (PO.001, one-way ANOVA). These results also indicated that fusion of 
HSP70 to E7 significantly enhances INF-y-secreting E7-specific CD8 + T cell activity. Thus, 
the CD8 + T cells could be induced by the MHC class I epitope of E7. Note: the splenocytes 
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from the self-replicating E7/HSP70 RNA group stimulated with E7 peptide (aa 49-57) 
secreted the highest concentration of INF- y compared to the other RNA vaccines (*: 
P<0.001, one-way ANOVA). 

Vaccination with Self replicating SINrep5-E7/HSP70 RNA Does Not Generate 
5 Significant E7 -Specific CD4* T Cell-Mediated Immune Responses: To examine the 

generation of E7-specific CD4 + T precursor cells and cytokine profiles by each of these RNA 
vaccines, we performed double staining for CD4 surface marker and intracellular IFN-y on 
splenocytes obtained from immunized mice, followed by flow cytometry analysis. The 
splenocytes were cultured in vitro with E7 peptide (aa 30-67) overnight and stained for both 

10 CD4 and intracellular IFN-y. The E7 peptide (aa 30-67) contains a major T helper epitope in 
the E7 open reading frame protein of HPV-16 (see, e.g., Tindle (1991) supra). The 
percentage of IFN-y-secreting CD4 + T cells was analyzed using flow cytometry. 

Mice vaccinated with SINrep5-E7/HSP70 RNA generated a similar number of 
CD4 + IFN-y + double positive cells compared to mice vaccinated with SINrep5-E7 RNA 

15 (15/3xl0 5 splenocytes versus 12/3xl0 5 splenocytes, p>0.05) or other RNA groups. There 

was no significant difference in the number of E7-specific CD4 + IFN-y + cells observed using 
flow cytometry staining among naive mice or mice vaccinated with empty plasmid, E7, 
HSP70, or E7/HSP70 RNA. Splenocytes from Sig/E7/LAMP-1 DNA vaccinated mice (Ji 
(1999) supra) were used as positive controls for intracellular IFN-y staining for this study. 

20 The quantity of anti-HP V 16 E7 antibodies in the sera of the vaccinated mice 

was determined using a direct en2yme-linked immunoabsorbent assay (ELIS A) 2 weeks after 
vaccination at various dilutions (1:100, 1:500, 1:1000). SINrep5-E7/HSP70 did not generate 
higher titers of E7-specific antibodies in the sera of vaccinated mice compared to that 
generated by other RNA vaccine constructs. 

25 Vaccination with Self Replicating SINrep5-E7/HSP70 RNA Protects Mice 

Against the Growth ofTC-1 Tumors: To determine whether vaccination with the self- 
replicating SINrep5-E7/HSP70 RNA protected mice against E7-expressing tumors, an in vivo 
tumor protection experiment was performed using different doses of SINrep5-E7/HSP70 
RNA administered intramuscularly in the right hind leg. Mice were similarly vaccinated 

30 with 10 ^g self-replicating SINrepS, SINrep5-HSP70, and SINrep5-E7 RNA. Different 
doses of self-replicating SINrep5-E7/HSP70 RNA including 0.1 |ag, 1 |ig and 10 jag were 



WO 01/29233 



PCT7US00/41422 



also injected into mice. One week after vaccination, mice were challenged with TC-1 tumor 
cells via intravenous tail vein injection at a dose of 2 x 10 4 cells/mouse. Mice were monitored 
twice a week and sacrificed at day 21 after tumor challenge. The pulmonary nodules were 
assessed 21 days after tumor challenge. Lungs were dissected from the mice 35 days after 
5 vaccination with empty SINrepS (10 ng) , SINrep5-HSP70 (10 ^g) , SINrep5-E7 (10 ^g), 
and SINrep5-E7/HSP70 RNA (0.1 ^ig, 1 ^.g, or 10 The mean number of lung foci was 
used as a measurement of the effectiveness of the various self-replicating RNA vaccines at 
controlling HPV-16 E7-expressing tumor growth. 

The mean pulmonary nodules of mice vaccinated with the self-replicating 

10 E7/HSP70 RNA vaccines (0.1 (ig, lfig, and 10 jig) were much less compared to mice 
vaccinated with the other RNA vaccines (PO.001, one-way ANOVA). These results 
demonstrated that self-replicating RNA SINrep5-E7/HSP70 vaccines protect mice from 
intravenous tumor challenge even at the low dosage of 0. 1 ^g while mice vaccinated with 
RNA from 10 \i% SINrepS without insert, 10 ^ig SINrep5-E7, or 10 ^ig SINrep5-HSP70 

15 developed numerous lung nodules from TC-1 tumor challenge. 

CDS* T Cells and NK cells Are Important for the Anti-tumor Effect Generated 
by Vaccination with SINrep5-E7/HSP70 RNA Vaccines: To determine the types of 
lymphocytes that are important for protection against E7-expressing tumor cells, in vivo 
antibody depletion (of CD8* T cells and NK cells) experiments were performed (the 

20 percentage of NK cells from the splenocytes of mice immunized with self-replicating RNA 
vaccines were higher than that without immunization and there was no significant difference 
between the percentage of NK cells among the various self-replicating RNA vaccines). The 
antibody depletion was started one week before tumor challenge and terminated on day 21 
after tumor challenge. 

25 The mean pulmonary nodules from mice depleted of CD8 + T cells and NK1 . 1 

cells were significantly higher than those of non-depleted group. Furthermore, depletion of 
NK1 . 1 cells resulted in a higher mean number of tumor lung nodules than CD8+ depleted 
mice. 

In comparison, the mean pulmonary nodules from mice depleted of CD4 + T 
30 cells resembled results obtained from non-depleted mice, indicating that CD4 + T cells were 
not critical in generating this effect. These results suggest that CD8 + T cells are essential for 
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the antigen-specific anti-tumor immunity generated by SINrep5-E7/HSP70 RNA vaccine and 
that NK cells, while not limited to the E7/HSP70 RNA vaccine, play an important role as 
well. 

It was also investigated whether the NK cell effect was limited to the 
5 E7/HSP70 vaccines or if it was the result of the vector used. Flow cytometry analysis of 

CD3(-), NK1.1(+) cells revealed that their presence was markedly increased in all constructs 
(E7/HSP70, E7, HSP70, and control plasmid) relative to naive mice, indicating that NK cells 
were important effectors of the anti-tumor effect that are not limited to the E7/HSP70 
vaccines. 

10 Self-Replicating RNA Vaccines Induce Apoptosis: RNA transcribed in vitro 

from various plasmid SINrep5 RNA vaccines were transfected into BHK21 cells via 
electroporation. Electroporated BHK 21 cells without RNA and untreated BHK21 cells were 
used as controls. The percentages of apoptotic and necrotic BHK21 cells were stained by 
annexin V-FITC and propidium iodide (PI) followed by flow cytometry analysis. 

15 The percentages of apoptotic BHK21 cells revealed statistical declines when 

transfected with SINrepS RNA vaccines, 24 hr to 72 hr after (representative with SIN5- 
E7/HSP70 70.3±3.6% for 24 hr, 49.3±4.2% for 48 hr, 18.0±3.1% for 72 hr, PO.001, one- 
way ANOVA). BHK21 cells transfected with SINrepS RNA vaccines generated higher 
percentages after 24, 48 or 72 hours later compared to the other two control groups. No 

20 statistical differences could be found in the apoptotic percentages of various SINrepS RNA 
vaccines. 

Enhanced Presentation of E7 through the MHC Class I Pathway in Dendritic 
Cells Pulsed With Cells Transfected with SINrep5-E7/HSP70 RNA: A potential mechanism 
for the enhanced E7-specific CD8 + T cell immune responses in vivo is the presentation of E7 

25 through the MHC class I pathway by uptake of apoptotic bodies from cells expressing 
various E7 constructs, also called "cross-priming", . A cross priming experiment was 
performed to characterize the MHC class I presentation of E7 in dendritic cells pulsed with 
apoptotic bodies from BHK21 cells transfected with various self-replicating RNA. As 
mentioned previously, BHK21 cells have been shown to have stable high transfection 

30 efficiency and similar E7 expression among cells transfected with different E7-containing 
self-replicating RNA. Transfected BHK21 cells were co-incubated with bone marrow- 



76 



WO 01/29233 PCT/US00/41422 

derived DCs. DCs were used as target cells while E7-specific CD8 + T cells served as 
effector cells. CTL assays with various E/T ratios were performed. 

DC target cells co-incubated with BHK21 cells transfected with SINrepS- 
E7/HSP70 RNA generated significantly higher percentages of specific lysis compared to 
DCs co-incubated with BHK21 cells transfected with SINrep5-E7 RNA (PO.001). These 
results suggested that dendritic cells pulsed with apoptotic bodies containing E7/HSP70 
fusion protein presented E7 antigen through the MHC class I pathway more efficiently than 
dendritic cells pulsed with apoptotic bodies containing wild-type E7 protein. Thus, the fusion 
of HSP70 to E7 enhanced E7-specific CD8 + T cell immune responses; and, while the 
invention is not limited by any particular mechanism, the enhancement was likely via "cross 
priming.'* 

A number of embodiments of the invention have been described. Neverthe- 
less, it will be understood that various modifications may be made without departing from 
the spirit and scope of the invention. Accordingly, other embodiments are within the scope 
of the following claims. 
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WHAT IS CLAIMED IS: 

1 . A nucleic acid encoding a chimeric polypeptide comprising 

a first polypeptide domain comprising a carboxy terminal fragment of a heat 
shock protein (HSP), an Flt-3 ligand (FL), a cytoplasmic translocation domain of a 
5 Pseudomonas exotoxin A (ETA dll), or a granulocyte-macrophage-colony stimulating factor 
(GM-CSF) sequence, and 

a second polypeptide domain comprising an antigenic polypeptide. 

2. The nucleic acid of claim 1, wherein the nucleic acid encoding the first polypeptide 
10 domain is 5' to the nucleic acid encoding the second polypeptide domain. 

3. The nucleic acid of claim 1 , wherein the nucleic acid encoding the second polypeptide 
domain is 5' to the nucleic acid encoding the first polypeptide domain. 

15 4. The nucleic acid of claim 1 , wherein the carboxy terminal fragment of the heat shock 
protein (HSP) has chaperone activity. 

5. The nucleic acid of claim 1 , wherein the heat shock protein (HSP) comprises a heat shock 
protein 70 (HSP 70). 

20 

6. The nucleic acid of claim 1, wherein the heat shock protein 70 (HSP 70) is derived from a 
Mycobacterium tuberculosis. 

7. The nucleic acid of claim 1 , wherein the heat shock protein (HSP) comprises a sequence 
25 as set forth by residues 3 12 to 625 of SEQ ID NO:9. 

8. The nucleic acid of claim 1, wherein the heat shock protein (HSP) comprises a sequence 
as set forth by about residue 5 1 7 to about residue 625 of SEQ ID NO:9. 

30 9. The nucleic acid of claim 1 , wherein the Flt-3 ligand polypeptide comprises a sequence 
as set forth by about residue 1 to about residue 189 of SEQ ID NO:25. 
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10. The nucleic acid of claim 1, wherein the cytoplasmic translocation domain of a 
Pseudomonas exotoxin A (ETA dll) comprises a sequence as set forth by about residue 247 
to about residue 4 1 7 of SEQ ID NO:3 . 

5 

1 1 . The nucleic acid of claim 1 , wherein the cytoplasmic translocation domain of a 
Pseudomonas exotoxin A (ETA dll) comprises a sequence as set forth by about residue 253 
to about residue 364 of SEQ ID NO:3. 

10 12. The nucleic acid of claim 1, wherein the GM-CSF sequence is a GM-CSF fragment that 
contains a disulfide bridge. 

13. The nucleic acid of claim 1, wherein the GM-CSF fragment comprises a sequence as set 
forth from about residue 18 to about residue 22, or from about residue 34 to about residue 41, 

15 or from about residue 38 to about residue 48, or from about residue 52 to about residue 61, or 
from about residue 94 to about residue 1 15, or from about residue 95 to about residue 1 1 1, of 
SEQ ID NO: 1. 

14. The nucleic acid of claim 1, wherein the antigenic polypeptide comprises an MHC Class 
20 I-binding peptide epitope. 

15. The nucleic acid of claim 14, wherein the MHC class I-binding peptide epitope is 
between about 8 amino acid residues and about 1 1 amino acid residues in length. 

25 16. The nucleic acid of claim 1 , wherein the antigenic polypeptide is derived from a virus. 

17. The nucleic acid of claim 16, wherein the virus is a human papovavirus. 

18. The nucleic acid of claim 16, wherein the virus is a human papilloma virus (HPV). 

30 

19. The nucleic acid of claim 1 8, wherein the virus is a human papilloma virus-16 (HPV- 16). 
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20. The nucleic acid of claim 18, wherein the antigenic polypeptide comprises human 
papilloma virus E6 polypeptide or human papilloma virus E7 polypeptide. 

21 . The nucleic acid of claim 16, wherein the virus is a human immunodeficiency virus 
5 (HIV). 

22. The nucleic acid of claim 1, wherein the antigenic polypeptide is a tumor-specific or 
tumor-associated polypeptide. 

10 23. The nucleic acid of claim 22, wherein the tumor-specific or tumor-associated polypeptide 
comprises an antigen expressed on the surface of a tumor cell. 

24. The nucleic acid of claim 22, wherein the tumor-specific or tumor-associated polypeptide 
is a mutant p53, a MAGE-1 or a MAGE-3. 

15 

25. The nucleic acid of claim 1, wherein the antigenic polypeptide is derived from a 
pathogen. 

26. The nucleic acid of claim 25, wherein the pathogen is a malaria, an HTV-1, a bovine viral 
20 diarrhea virus, a cytomegalovirus, an encephalitis virus, a hepatitis virus, a herpes simplex 

virus or an influenza virus. 

27. The nucleic acid of claim 1 , wherein the chimeric polypeptide further comprises a third 
polypeptide domain comprising a cytoplasmic translocation polypeptide domain. 

25 

28. The nucleic acid of claim 27, wherein the cytoplasmic translocation polypeptide domain 
comprises a cytoplasmic translocation domain of a Pseudomonas exotoxin A (ETA). 

29. The nucleic acid of claim 28, wherein the cytoplasmic translocation domain of a 

30 Pseudomonas exotoxin A (ETA) comprises a sequence as set forth by about residue 253 to 
about residue 364 of SEQ ID NO:3. 
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30. The nucleic acid of claim 27, wherein the cytoplasmic translocation polypeptide domain 
comprises a cytoplasmic translocation domain of a toxin derived from Diptheria, 
Clostridium, Botulinum, Bacillus, Yersinia, Vibrio chokrae, or Bordetella pertussis. 

5 31. The nucleic acid of claim 27, wherein the nucleic acid encoding the third polypeptide 

domain is located 5' to the nucleic acid encoding the first or the second domain, or is located 
between the nucleic acids encoding the first or the second domains, or is located 3' to the 
nucleic acid encoding the first or the second domain. 

10 32. The nucleic acid of claim 1 further comprising regulatory nucleic acid sequences. 

33. The nucleic acid of claim 32, wherein the regulatory nucleic acid sequences comprise 
transcriptional regulatory sequences. 

15 34. An expression cassette comprising a nucleic acid encoding a chimeric polypeptide 
comprising a first polypeptide domain comprising a carboxy terminal fragment of a heat 
shock protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation domain of a 
Pseudomonas exotoxin A (ETA dll); and, a second polypeptide domain comprising an 
antigenic polypeptide. 

20 

35. The expression cassette of claim 34 comprising an expression vector or plasmid. 

36. The expression cassette of claim 34 comprising a self-replicating RNA replicon. 

25 37. The expression cassette of claim 36, wherein the self-replicating RNA replicon comprises 
a Sindbis virus self-replicating RNA vector. 

38. The expression cassette of claim 37, wherein the self-replicating RNA replicon comprises 
a Sindbis virus self-replicating RNA vector SINrep5. 

30 

39. A transformed cell comprising a nucleic acid encoding a chimeric polypeptide 
comprising a first polypeptide domain comprising a carboxy terminal fragment of a heat 
shock protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation domain of a 
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Pseudomonas exotoxin A (ETA dll); and, a second polypeptide domain comprising an 
antigenic polypeptide. 

40. A chimeric polypeptide comprising'a first polypeptide domain comprising a carboxy 
5 terminal fragment of a heat shock protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic 

translocation domain of a Pseudomonas exotoxin A (ETA dll); and, a second polypeptide 
domain comprising an antigenic polypeptide. 

41 . The chimeric polypeptide of claim 40, wherein the first polypeptide domain is non- 
10 covalently linked to the second polypeptide domain. 

42. The chimeric polypeptide of claim 40, wherein the first polypeptide domain is covalently 
linked to the second polypeptide domain. 

15 43. The chimeric polypeptide of claim 42, wherein the chimeric polypeptide is a recombinant 
polypeptide. 

44. A pharmaceutical composition comprising 

a nucleic acid encoding a chimeric polypeptide, 
20 a vector comprising a nucleic acid encoding a chimeric polypeptide, or 

a chimeric polypeptide, 

wherein the chimeric polypeptide comprises a carboxy terminal fragment of a 
heat shock protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation domain of a 
Pseudomonas exotoxin A (ETA dll); and, a second polypeptide domain comprising an 
25 antigenic polypeptide; and, 

a pharmaceutically acceptable excipient. 



45. The pharmaceutical composition of claim 44, wherein the composition is formulated with 
30 phospholipids to form a liposome. 

46. A DNA vaccine comprising 

a nucleic acid encoding a chimeric polypeptide, 

a vector comprising a nucleic acid encoding a chimeric polypeptide, or 
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a chimeric polypeptide, 

wherein the chimeric polypeptide comprises a carboxy terminal fragment of a 
heat shock protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation domain of a 
Pseudomonas exotoxin A (ETA dll); and, a second polypeptide domain comprising an 
5 antigenic polypeptide; and, 

a pharmaceutical^ acceptable excipient. 

47. A particle comprising a nucleic acid encoding a chimeric polypeptide or a vector 
comprising a nucleic acid encoding a chimeric polypeptide, wherein the chimeric polypeptide 

10 comprises a carboxy terminal fragment of a heat shock protein (HSP), an Flt-3 ligand (FL), 
or a cytoplasmic translocation domain of a Pseudomonas exotoxin A (ETA dll); and, a 
second polypeptide domain comprising an antigenic polypeptide. 

48. The particle of claim 47, wherein the particle comprises a material suitable for particle 
15 bombardment. 

49. The particle of claim 48, wherein the material comprises gold. 

50. A method of inducing an immune response, the method comprising administering an 
20 effective amount of a composition comprising 

a nucleic acid encoding a chimeric polypeptide, 

a vector comprising a nucleic acid encoding a chimeric polypeptide, or 

a chimeric polypeptide, 

wherein the chimeric polypeptide comprises a carboxy terminal fragment of a 
25 heat shock protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation domain of a 
Pseudomonas exotoxin A (ETA dll); and, a second polypeptide domain comprising an 
antigenic polypeptide, or 

a DNA vaccine comprising the nucleic acid, the vector, the chimeric 
polypeptide or a combination thereof, 
30 wherein administration of the composition in the effective amount induces an 

immune response. 
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51. The method of claim 50, wherein the induced immune response comprises a cytotoxic T 
cell response. 

52. The method of claim 50, wherein the nucleic acid or vector encoding the chimeric 
5 polypeptide is administered as naked DNA. 

53. The method of claim 52, wherein the naked DNA is administered by a gene gun, or 
equivalent. 

10 54. The method of claim 50, wherein the composition is administered as a liposomal 
formulation. 

55. The method of claim 50, wherein the composition is administered intradermally. 

15 56. A method of vaccinating a mammal against infection by a pathogen, the method 
comprising administering an effective amount of a composition comprising 
a nucleic acid encoding a chimeric polypeptide, 
a vector comprising a nucleic acid encoding a chimeric polypeptide, or 
a chimeric polypeptide, 

20 wherein the chimeric polypeptide comprises a carboxy terminal fragment of a 

heat shock protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation domain of a 
Pseudomonas exotoxin A (ETA dll); and, a second polypeptide domain comprising an 
antigenic polypeptide derived from a pathogen, or 

a DNA vaccine comprising the nucleic acid, the vector, the chimeric 
25 polypeptide or a combination thereof, 

wherein administration of the composition induces an immune response to the 

pathogen. 

57. A method of vaccinating a mammal against a tumor antigen, the method comprising 
30 administering an effective amount of a composition comprising 
a nucleic acid encoding a chimeric polypeptide, 
a vector comprising a nucleic acid encoding a chimeric polypeptide, or 
a chimeric polypeptide, 
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wherein the chimeric polypeptide comprises a carboxy terminal fragment of a 
heat shock protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation domain of a 
Pseudomonas exotoxin A (ETA dll); and, a second polypeptide domain comprising a tumor 
antigen, or 

a DNA vaccine comprising the nucleic acid, the vector, the chimeric 
polypeptide or a combination thereof, 

wherein administration of the composition induces an immune response to the 

tumor antigen. 

58. Use of a composition for preparing a pharmaceutical formulation for vaccinating a 
mammal against an antigen, wherein the pharmaceutical formulation comprises 

a nucleic acid encoding a chimeric polypeptide, a vector comprising a nucleic 
acid encoding a chimeric polypeptide, a chimeric polypeptide, or a combination thereof, 

wherein the chimeric polypeptide comprises a carboxy terminal fragment of a 
heat shock protein (HSP), an Flt-3 ligand (FL), or a cytoplasmic translocation domain of a 
Pseudomonas exotoxin A (ETA dll); and, a second polypeptide domain comprising a tumor 
antigen, and 

a pharmaceutically acceptable excipient. 
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£7-HS?-70 -> l-phue Translation 

i261/421 

ace gat =r.g gee aag gaa etc ace ggc ggc 
rhr asp Leu val lys glu leu chr giy sly 

7*g gec gee gcg gcg gga gc= gee ccg cag 

jlU val val ala val gly aia aia leu gin 
13S1/46L 

;zz ccg cut a«c gtc acc ccg ccg age 

val iau iau i*u up val chr pro leu 3 or 

i*41/4Si 

«« agg etc acc gag cgc aac acc acg acc 

-hr arg leu iie glu arg aan chr chr lie 

1=01/501 

jee gac gf.c aac caa erg ccg gcg cag acc 
ala asp asp aan gin pxo -ar val gin He 

iS61/52i 

^cg cac aac aag eeg etc ggg tee etc gag 
ala his d:n lys imj lau giy aar phe> glu 

1621/Sdl 

act erg cag ate gag gtc act tte gac acc 
lie pro gin iie glu val ehr pha aap Ha 

lSai/561 

aag jsic aag ggc ace ggc aag gag aac acg 
lys asp ly» gly chr gly lys glu asn chr 

1741/531 

lag gaa gac act gac cgc acg acc aag gac 
lys glu asp He asp arg mac He lys asp 

1301/601 

cgc gag gag gee gac gtc cgt aac eaa 
arg arg glu glu ala asp val arg asn gin 

1961/621 

etc gec aaa gaa cag cgc gag gee gag ggc 
phe val lys glu gin arg glu ala glu gly 
1921/641 

aag gee gac gee gcg gcg geg gaa gcg aag 
iya val asp ala ala val aia glu ala lys 

1351/661 

acc aag teg gcg acg gag aag ccg ggc cag 
lie ly3 s«r ala m«c glu lys l<au gly gin 
2041/681 

;±& gca gee cag gee gcg era cag gee acc 
?lu ala aia gin ala ala ser gin ala chr 

:::i/7oi 

;gc ece cac ecc grjc ccg get gac gac get 
yiy ala hia pro gly aer ala asp asp val 

2161/721 

gag gec aag tga (SEQ ID. NO. 19 ) 
glu aia lys cpa (SEQ ID'. HO. 20 ) 



1291/431 

aag gaa ccc aac aag ggc gtc aac ccc gac 
lys glu pro asn lys gly val asn pro a op 
1JS1/4S1 

gec ggc gec ccc aja- g*g gcg iai gac 

ala gly vol Icu-Ty3~giy glu val lym a*p 
1411/471 

ceg ggc ate gag acc aag goc ggy gcg tea 
l«u gly il« glu chr lya gly gly val 
1471/491 

ccc acc aag egg ccg gag act ccc acc acc 
pro chr lys arg ser glu chr phu chr chr 
1531/511 

catf gee cac cag ggg gag cgt gag ate gee 
glA val cyr gin gly glu arg glu He ala 
1591/531 

ccg ace gg<r ar.c ccg ccg gcg ceg egg ggg 
lau chr gly Ha pro pro ala pro arg gly 
1651/551 

gac gec aac ggc act gtg cac gtc acc gee 
asp ala asn gly He val his val chr ala 
1711/571 

ace cga acc cag gaa ggc Ccg ggc ccg ccc 
Ha arg H« gin glu gly acr gly leu ser 
1771/591 

gee gaa gcg cac gee gag gag gae cgc aag 
ala glu ala his ala glu glu asp arg Lys 

1M1/611 

gee gag aca teg gec cac cag acg gag a*g 
ala glu chr leu vml tyr gin chr glu lys 
1391/631 

ggc Ccg aag gta ccc gaa gac acg ccg aac 
gly ser lys val pro glu aap chr leu asn 
1951/651 

gcg gca cct cgc gga ccg gac act ccg gee 
ala ala leu gly gly ser asp Ha ssr ala 
2011/671 

gag teg cag gec czg gc/g caa gcg acc cac 
glu ser gin ala l«u gly gin ala He cyr 
2071/691 

ggc gec gee cac ccc ggc ggc gag ccg cgc 
gly ala ala his pro gly gly glu jsrn gly 
2131/711 

gcg gac gcg gag gcg gec gac gae ggc =gg 
vml aap ala glu val val asp asp gly arg 
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::i/4i 131/31 

auc ccc czc gat gac acg ccc gec aca ecg aac gaa gag gca go* gee gec CCC aac ga<i 
Asn L«u l«u a»p asp asoc pro val chr leu ass glu glu val glu val vai -ar aan giu 
131/61 211/71 

ice ccc CCC aaq aag cca aca cgc gcg cog acc cgc ccg aag aca etc gag cag gyt cca 
she aer phe iy* lya leu chr cys val gin chr arg leu ly* iic poe glu gin gly leu 
241/81 271/91 

=rg ggc uut ttc acc aaa eCC aag ggc gec ttg aac acg aca gec age cac cac e«g aca 
arg gly a*n ?he chr lyn leu lys gly ala leu aaa mc thr a la scr cyr cyr gin ehr 
301/101 331/111 

:ac cgc ere era acc ccg gaa acg gac cgc g a * aca caa get acc acc cac gog gac CCC 
cyr cys pes pro chr pro glu chr aap cya glu chr gin val chr chr cyr ala aap pn« 
■61/121 391/131 

ica gac age ccc aaa acc ccc ccg acc gat ace ccc etc gaa cgc aaa aaa cca gec caa 
iie a£F iou lye chr pha> lau chr asp ile pre phe glu cya l y « iy« pro val gin 
4*1/141 , £fA ( JjL) 431/131 

aag aac cccjcgc cCg cac ccc ccc gag ggc ggc age cr.g gee gcg ccg acc gcg cac caa 
lya asn s«rlaxg leu his phe pro glu gly gly ser leu ala ala leu chr aia hi a cin 

481/151 . W 511/171 

gec cgc cac ccg ccg ccg gag act etc acc cgc cac cgc cag ccg cge ggc egg gaa caa 
*ia cya his leu pro leu glu chr ph« chr arg his - arg gin pro arg gly. crp giu glr. 
541/181 571/191 

utg gag cag cgc ggc cat erg gcg cag egg ccg gee gec ccc cae ccg gcg gcg egg ccg 
leu giu gin cys gly cyr pro val gin axg leu val ala Imi cyr lau aia ala arg leu 
601/201 631/211 

ccg egg aac rag gec gac cag gcg acc cgc aac gec ccg gec age ccc ggc age ggc ggc 
ser crp **n gin val asp gin val ile arg aan ala lau ala ser pro gly ser gly gly 
S61/221 691/231 

•7ac ccg ggc gaa gcg acc cgc gag cag ccg gag cag gec cgc ccg gec ccg acc e-g gee 
iup leu gly glu ala iia arg glu gin pro glu gin aia arg l*u ala iau chr leu aia 
7:1/241 751/251 

;cr rce gag age gag cgc Z Zc gec egg cag ggc acc ggc aac gac gag gee ggc gcg gec 
Ala aia glu ser giu arg pa* val arg gin gly chr gly aan awp giu ala gly ala *\* 
-31/X61 311/271 

aac gec gac gcg gtg age cug acc cge ccg gec gee gec eye gaa cge gcg ggc ccg gcg 
aan aia asp val val ser leu chr cya pro val ala ala gly glu cya ala gly pxu aia 
241/231 871/291 

;a; iqz ggc gac gec ccg ccg gag cgc aac cae cee acc ggc gcg gag ccc ccc ggc e*r 

aic scr gly aap ala leu leu glu arg asn cyr pro chr gly ala giu pho leu gly asp 

30*1/301 931/111 "g"7 

ggc ggc gac gec age ccc age ace cgc ggc aeg cag aac egg late ccc ktg cat gga gac 

5ly giy «P v «l pne ser chr org gly thr gin asn crp [ile l«u Lc hia gly asp 

?fl/32i 991/331 J *— 

ica rc: aca ccg cac gaa cac aeg eta gac ccg caa cca gag aca acc gac etc ue.c C7' 

thr chr l«u his glu cyr mec leu asp leu gin pro glu chr chr asn leu cyr cya 

1311/341 1051/351 

cac gag caa cca aac gac age tea gag gag gag gae gaa aca gac ggt cca get gga caa 
iyr glu gin lau asn asp scr ser glu glu glu aap glu lis asp gly pro aia gly glr. 
13S1/2S1 1111/371 

;ca gaa ccg gic aga gee cac cac aac acc gta acc etc cgc cgc aag cgc gac ccr acc 
3i.a glu pro asp axg ala his cyr aan ile val chr phe cys cys lye cya aap sor chr 
1141/331 U71/391 

czz egg ccg cgc gca caa age aca cac gta gac acc cgc acc rcg gaa gac ccg c:a acc 
leu Arg leu cya ^al gin Jcr Chr his val anp ii« axg Chr leu glu asp leu i«u tn*iu 
1201/401 1231/411 

70'C ac* cca gga acc gcg cgc ccc acc cgt ccc cag gac aag ccc ggc cgc ccc ggc gg» 
7ly chr leu giy lie v *l cys pro tie cys aer gin aap lys leu giy cya phe gly gly 

:=a (SEQ IB- HO. 21 ) 
z7k (SIX); ID* HO. 22 ) 
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FIG. 15 

ETA.ieq(wo.sig). 10/22/99 •> t -phase Translation 

Z-NCX *csjue;ice 1842 b.p. gcegaggaegce • gaecegaagcaa liflaar 

31/11 

cgc gec aaa gec *gc gcg CCC gac CCC aag 
cya ala lys ala cya val leu asp l«u ly* 

91/31 

gac ccg gee »cc gee gae ace aac gge esc 
asp pro a la Lie ala asp chr aan gly gin 
131/51 



L/l 
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211m 

ecg aec acc egc cce gaa ggc gge gec gag 
leu chr ila arg lau glu gly gly val glu 

2T1/91 

egc eag gcg cgc ggc age egg Ccg ccg auc 
arg gin ala arg gly ser crp 34r leu ajv> 
331/111 

ccg aae acc aag gcg cce acc cae gaa er.g 
ser aaa ila lys val pha lie til glu lflu 
391/131 

cog ace cac acc acc gag acg gge gac gag 
pro ila cyr chr ila glu cac gly asp glu 
aSl/151 

cce eee gtc agg gcg cac gag age aae gag 
phe phe val arg ala hia glu itr a so. glu 

Sll/171 

gggr gee age gcg gee. acg gee eag acc cug 
giy vml aer vul val mac ala gin chr gin 
371/191 



531/311 

eag caa cgc cgc i*e ece gac gac acc egg 
gin gin arg cys aaa leu asp aap chr crp 
691/231 



751/251 

cce gag ggc ggc age ccg gec gcg ccg ace 
pro glu gly giy ser leu ala ala lau chr 
311/271 

acc Cte ace egc eac egc cag ccg cgc gge 
Chr pha chr arg hia axg gin pro arg gly 
871/391 

gcg cag egg ecg gtc gec cce cac ccg gcg 
val gin arg lau "ol ola lau cyr leu ala 

931/311 

gtg ate cgc aac gec ccg gec age cce ggc 
val ila axg aan ala lau ala ser pro gly 
991/331 

gag eag ccg gag cag gec egx ccg gec cc? 
glu gin pro glu gin ala arg leu ala l *?u 
1031/351 

gee egg eag ggc aec gge aac gac gag gec 
val arg gin giy chr gly aan asp glu ala 
1111/371 

ace cgc ccg gre gec gee ggc gaa cgc gcg 
chr cys pro val ala ala gly glu cya ala 
U71/391 

gag cgc aae cac cce acc ggc gcg gag c-r l*J*" ^ 

glu arg aan cyr pre chr gly ala glu p*e 

1331/4X1 U 2-<^7 — 9c/ 

acc cqc ggc «cg cag aac egg (acq gcg gag ^ 7 
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ETA.5eq(wu-sig). 10/2 1/99 •> 1-phasa Trauiiatioa 

1291/431 

=77 - -7 etc c*g gcg cac cgc caa ccg gag gag cgc ggc cac gcg etc gtc ggc tac ear 
arg l«ac leu gin ala hia arg gin leu glu glu arg gly cyr val phe val gly cyr hi* 
1321/441 13S1/4S1 

3<jc ace etc etc gaa geg gcg caa age ate gee cce ggc ggg gcg, cgc Qcg cgc age c*g 
gly chr phu leu glu ala alA gin aar iia vaJ. pha gly gly— ral-axg; ala arg aer gin 

i:3i/;6i un/471 

gac cur gac gcg ace egg cgc cgc etc cac ate gee ggc gac ccg gcg ccg gec cac ggc 
a»p Lau aap aIa lie crp arg gly cha cyr iia ala gly a up pro ala lau ala cyr gly 
1441/4-81 1471/491 

rac gec cag cac cag gaa ccc gac gca cgc ggc egg ate cgc aac ggc gec ccg ccg egg 
cyr ala gin Ajp gin glu pro aap ala arg gly arg ile arg asn gly ala leu lau arg 
1501/501 1531/311 

ccc cac gcg ccg cgc ccg age ccg ccg ggc ccc cac cgc acc age ccg acc ccg gec gcg 
"ml cyr val pro arg ser ser leu pro gly pha cyr Arg chr s«r lau chr lau ala ala 

1561/521 1531/531 

ccg gag gcg geg g*jc gag gee gaa egg ccg acc ggc cac ccg ctg ccg ccg cgc ccg gac 
pro glu ala aIa gly glu val glu arg lau ile gly hla pro lau pro lau arg lau aap 
1621/541 1651/331 

gec acc acc ggc ccc gag g*g gaa ggc ggg cgc ccg gag acc act ccc ggc egg ccg ctg 
ala Lie chr gly pro glu glu glu gly gly arg leu glu chr ile leu gly crp pro lau 
1831/561 1711/371 

gec gag cgc acc gcg gtg acc ccc Ccg gcg acc ccc acc gac ccg cgc aac gec ggc ggc 
ala glu Arg chr val val ils pro ser ala ile pro chr uap pro arg aan val gly gly 

1741/531 1771/391 

gac ccc gac ccg • ccc age acc ccc gac aag gaa cag gcg acc age gee ccg ccg gac cac 
asp leu aap pro a ex ser ile pro cap lya glu gin ala ile ser ala leu pro asp cyr 
1301/601 1831/611 

gec age cag ccc ggc aaa ccg ccg cgc gag gac ccg aag caa (SEQ ID. NO. 23 ) 
ala sar gin pro gly lys pro pro arg glu asp lau lye OCH (SEQ ID. NO. 24 ) 
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I 10 1 20 | 30 (40 | 50 | 60 | 70 (90 

1 MTVLAPAWSP NSSLLLLLLL LSPCLRGTPD CYFSHSPISS NFKVKFRBLT DKLLKDYPVT VAVNLQDEKH CKAXWSLFLA 80 

81 QRWIEQLKTV AGSKMQTLLE DVNTEIHFVT SCTFQPLPEC LRFVQTNISH LLfCDTCTQLL AiJCPCIGKAC QNFSRCLSVQ 160 

lol CQPDSS7LL? PRSPIALEAT ELPEPRPRQM HGDTPTLHEY MLDLQPETTD LYCYEQLMDS SEEEDBIDGF ACQAHPDRAH 240 

241 YNIVTFCCKC DSTLRLCVQS THVDIRTLED LLMGTLGIVC PICSQKP2 ($Cij [Q hlQ*. 157 ' 288 

I 10 | 20 ' | 30 | 40 | SO | 60 | 70 | 80 
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189 23 



| 10 I 20 | 30 | 40 

1 MTVLAPAWSP tfSSLLLLLLL LSPCLRGTPD CYFSHSPISS 
81 QRWIEQLKTV AGSKMQTLL2 DVNTEIHFVT SCTEQPLPEC 
151 CQPDSSTLL? PRSPIALEAT ELPEPRPRQM HGDTPTLHEY 
241 YNIVTFCCKC DSTLRLCVQS THVDIRTLSD LLMGTLCIVC 
| 10 | 20 | 30 | 40 



I 50 | SO | 70 | 80 

NFKVKFRBLT DHLLKDYPVT VAVNLQDEKH CKALWSLFUV 80 
LRFVQTNISH LLKDTCTQLL ALKPCIGKAC QNFSRCLSVQ ISO 
MLDLQPETTD LYCYEQLNPS SEEEDBIDGP AGQABPDRAH 240 

288 

70 | 80 



PICSQKPZ [Q fiQj 15J 

I 50 . | 60 | 
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DNA constructs* 

SJNrepS 
SINrc P 5-HSP70 
SINrcp5-E7 
SIN5rcp5-E7/HSP7G 



SfNrepS 



SINrcp5 1 HSF70 



SINrep5 I E7_ 



SINrop5 I ^ E7 1 HSP7Q 



RNA transcripts 



SINrep5 



m 7 G — Rcplicase — AAAA 



SINrep5-IISP70 



m 7 G — Rcplicase 



HSP70 



— AAAA 



SINrep5-E7 



7 G — Rcplicase — E7 —AAAA 



SIN5rcp5-E7/HSP70 m 7 G— Rcplicase 



E7 HSP70 —AAAA 
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